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ABSTRACT
Thermal barrier coatings (TBCs) play an important role in protecting the superalloy
components from the hot gas stream in gas-turbine engines. Driven by the higher inlet
temperature of modern gas turbine engines for higher efficiency and less harmful gas emission,
exploration of TBC new materials and thermal radiation effects of TBCs have attracted more
attentions recently.
In this study, thermochemical compatibility of Gd2Zr2O7 (GZ) and yttria-stabilizedzirconia (YSZ) at 1300 ºC was investigated. Single, double and three ceramic-layered GZ based
TBCs were prepared and their thermal cycling properties were performed under different thermal
conditions. Thermochemical compatibility investigation showed that YSZ tended to transform
into a solid solution with GZ structure but higher ZrO2 concentration compared to stoichiometric
GZ due to the ion diffusion in the process of heat treatment, which would cause the volume
change and thermal stress. Thermal cycling results showed that delamination usually occurred
from the sample edge in YSZ layer close to the YSZ/thermally grown oxide (TGO) interface
through a sequence of crack nucleation, propagation and coalescence events. The underlying
motivation was the compression in the TGO around interface imperfections caused by TGO
growth and thermal expansion misfit between the ceramic layer and the bond coat upon cooling.
Sintering of GZ shrinked the ceramic layer, introduced the in-plane tensile stress and caused the
vertical cracks. Failure of TBCs was accelerated by increasing the temperature and cycle
frequency.
The reflectance and transmittance spectra of YSZ and GZ coatings were measured and
four-flux, two-flux and Kubelka-Munk models were deduced to determine the absorption and

xi

scattering coefficients. Results showed that scattering coefficients of GZ are higher than that of
YSZ in low wavelength range indicating that GZ can reflect more thermal radiation energy to the
hot gas stream and permit less radiation to penetrate the coating, which efficiently decreases the
bond coat temperature and prolongs the life span of TBCs. To determine TBC absorption and
scattering coefficients, Kubelka-Munk model is over simplified by neglecting the interface
reflectivity, while the two-flux model can be used as a simplification of the four-flux model
when the coating thickness is larger than ~200µm.

xii

CHAPTER 1 INTRODUCTION
1.1 Application and Current Research on Thermal Barrier Coatings (TBCs)
Thermal barrier coatings (TBCs) have been widely used to protect the superalloy
components from the hot gas stream in gas turbine engines used for aircraft propulsion, power
generation, and marine propulsion. Figure 1-1 shows a typical gas turbine engine and the TBC
coated turbine blade[1, 2]. The continuous demand for improving gas turbine engine efficiency
has pushed the turbine inlet temperature even higher. For example, currently the temperature in
military aircraft turbines and hot sections of rocket can reach up to 1600 oC, and for commercial
aircraft and land-based power generation gas turbine engine the temperature can reach up to
1500 oC[3]. Obviously it is well beyond the melting point of nickel-base superalloys which is
around 1300 oC. The increase in turbine inlet temperature has been facilitated mainly by three
principal developments: (1) high performance turbine materials; (2) airfoil cooling technology;
and (3) thermal barrier coating system[4].

(a)

(b)

Figure 1-1 (a) Gas turbine engine[1]; (b) TBC coated turbine blade[2].
Although ceramic matrix composites are promising turbine materials, they are still under
their immature stage and in the foreseeable future no materials can substitute nickel-base
superalloys as the turbine materials. With the well-developed air-cooling design the internal
1

component air cooling combined with the external film cooling can reduce the metal temperature
up to 200-300 oC[3]. However, it decreases the engine efficiency by consuming fuel to compress
and pump the air through cooling system and increases the complexity and manufacture cost of
engines by fabricating internal passages within the airfoils and holes or slots for cooling gas to
ejected on to the external surface of the turbine vanes or blades[5]. Thermal barrier coatings
(TBCs) can decrease the metal surface temperature up to 100-200 oC and protect the superalloy
components from the hot gas erosion and corrosion, thus increase the durability and energy
efficiency of the gas turbine engines[6]. Therefore, extensive studies have been devoted to
improve the properties of TBCs.
Because of the severe operating conditions of the TBCs, all of the following phenomena
occur and interact with each other: diffusion, oxidation, phase transformation, creep deformation,
thermal expansion, thermal conduction, radiation, fracture, fatigue, and sintering, which makes
the study of the TBCs system a challenging task[7]. For the last decade, intense researches have
been focus on TBC failure mechanism and improvement of thermal insulation capability, and
durability at higher temperature by exploring new materials, novel microstructures and advanced
coating fabrication technologies since the conventional yttria-stabilized zirconia (YSZ) can only
be used under 1200 oC for long term[8-10]. With continuous improving the work temperature of
TBCs, the thermal radiation is playing more and more important role in total heat transfer
because of its fourth power dependency on temperature. Relatively few researches are focus on
this area and of those studies thermal radiation properties of conventional YSZ TBCs and
improvements of coating reflectance through design of multilayer structured TBCs and control of
fabrication parameters were reported[11-19]. Few researches on radiation properties of new TBC
materials were reported.
2

1.2 Objective of Present Research
One critical criterion for new TBC materials is their thermal cycling properties because
the thermal cycling test simulates the TBC working environment and the failure of TBCs can
reflect the comprehensive performances of the materials. So in this research the thermal cycling
test method is used to explore the performances of new TBC material, i.e. Gd2Zr2O7 (GZ).
However, commercial furnaces have limited functions to mimic the complex working condition
of TBCs. So a novel test rig with following functions needs to be designed: (1) high temperature;
(2) high pressure; (3) thermal gradient between TBC top coat and substrate; (4) multiple gas
environment; (5) PLC control of the thermal cycling program; (6) real-time monitor and record
of sample status. Then thermal cycling properties of GZ-based TBCs performed with the
designed rig and failure mechanisms need to be explored.
To predict the radiation heat transfer through TBCs, the scattering and absorption
coefficients, along with the index of refraction of the TBC material, must be known[12].
However, different researchers used different models to determine the absorption and scattering
coefficients of YSZ specimens from the reflectance and transmittance measurements, which
made these results incomparable. One objective of this research is to compare these commonly
used models and understand the advantages and limitations of each model in the application of
calculating the absorption and scattering coefficients of TBC materials. Another objective is to
compare the thermal radiation properties of new TBC material, i.e. GZ, with conventional TBC
material, i.e. YSZ, to evaluate its advantage or disadvantage as potential YSZ substitution
material in respect of thermal radiation properties.

3

1.3 Organization of Dissertation
This dissertation is organized in the following order: first a comprehensive literature
review, including TBC compositions and their functions, deposition methods, failure
mechanisms, new materials, multilayer-structured TBCs and thermal radiation heat transfer in
TBCs, will be presented, followed by the introduction of atmospheric plasma spray process,
thermal cycling test rig design and fabrication. Then thermal cycling properties of TBCs
fabricated based on new TBC material, i.e. GZ, including the double and three ceramic-layered
TBCs, will be tested with different thermal cycling programs and the failure mechanisms will be
proposed. Finally different models for calculating the absorption and scattering coefficients of
TBCs will be compared and the thermal radiation properties of new TBC material will be
evaluated by comparison with the conventional YSZ coating material.
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CHAPTER 2 LITERATURE REVIEW
2.1 Current Thermal Barrier Coatings (TBCs) System
The typical structure of thermal barrier coatings (TBCs) consists of four layers with each
layer having markedly different physical, thermal, and mechanical properties: (1) the substrate;
(2) the bond coat; (3) the thermally grown oxide (TGO); (4) the ceramic top coat[7].

Figure 2-1 Turbine blade with internal hollow channels and TBCs micrograph showing
components of each layer and their temperature reduction effect[7]
2.1.1 Substrate
Working at the extremely harsh environment, the substrate is required to have good high
temperature performances, such as high strength, ductility, oxidation resistance, creep resistance,
hot corrosion resistance, phase stability, etc. Usually the material of substrate is nickel- or cobaltbased superalloy with 5 to 12 additional elements to enhance specific properties depending on
the engine construction, the component operation site, working cycle, and the used fuel. Figure
2-2 presents the evolution of superalloys with respect to high temperature performances,
chemical compositions and manufacturing technologies[20]. As shown in the figure, great
5

improvements of high temperature creep resistance have been obtained by more precisely
controlling the chemical compositions and microstructures through the innovation of
manufacturing technologies from open-furnace cast, vacuum melting to directional solidification
and single crystal generation.

Figure 2-2 The development of superalloys for turbine parts and their manufacturing
technologies [20]
Although superalloys have good performances at high temperature, diffusion of elements
of high relative concentration may occur between the superalloy substrate and the bond coat.
This inter diffusion can have a profound influence on the spallation failure of TBCs.
2.1.2 Bond coat
The bond coat has two major functions: (1) it improves the adhesion strength between the
substrate and the top coat; (2) it protects the substrate from corrosion and oxidation. It can be
6

classified into two major groups[4, 10]: (1) single phase

-NiAl with Pt in solid solution,

fabricated by electroplating of a thin layer of Pt onto the superalloy and subsequent aluminizing
by either pack cementation or chemical vapor deposition (CVD) with concurrent interdiffusion,
and (2) two-phase ( -NiAl and either -Ni solid solution or
various other elements in

-Ni3Al) MCrAlY (M=Ni/Co) with

phases, fabricated by vacuum/low pressure/atmospheric plasma

spraying (VPS/LPPS/APS), high velocity oxygen fuel (HVOF)), and electron beam physical
vapor deposition (EB-PVD) methods. Standard bond coats for APS top coats are coatings with
high roughness (Ra > 6 µm) to guarantee an excellent bonding between substrate and top coat.
For EB-PVD top coats, either smooth (Ni, Pt)Al or MCrAlY bond coats with low roughness (<2
µm) are used[21, 22].
For MCrAlY bond coat, the S content should be maintained below 1 part per million
because the S is easy to segregate at the grain boundary which reduces the adhesion strength
dramatically[23, 24]. To mitigate this adverse effect of S, elements of Y, Zr which react with S
can also be added. Other elements which degrade adhesion (Ti, Ta) should be kept below
acceptable levels and which promote adhesion (Si, Hf) can be added in small quantities in the
bond coat[25].
2.1.3 Thermally Grown Oxide (TGO)
At high temperature, the bond coat is oxidized to form the thermally grown oxide layer
between the bond coat and top ceramic layer. This layer can retard further oxidation of bond coat
by working as a diffusion barrier. The ideal TGO component is uniform, defect-free -Al2O3
which has a very low oxygen ionic diffusivity and superior adherence.
Generally, the inward diffusion of oxygen through the TGO controls further growth of
TGO into the bond coat[26-28]. But in some cases TGO growth is controlled by outward
7

diffusion of Al, leading to the formation of new TGO at the TGO/top coat interface or at the Al2O3 grain boundaries within the TGO[27, 29].
2.1.4 Top Ceramic Coat
The top ceramic coat is directly exposed to the hot stream, and its function is not only to
reduce the temperature of the metal substrate but also to protect the superalloy from the
corrosion and erosion of the hot gas. Thus, the basic requirements for the top ceramic coating are:
(1) low thermal conductive coefficient to have good thermal insulation; (2) appropriate thermal
expansion coefficient which matches that of the bond coat to reduce the thermal stress; (3) stable
phases at operating temperature; (4) high toughness to have longer service life; (5) erosion
resistant to prevent impact damage caused by ingested particles; and (6) thermodynamically
compatible with bond coat and TGO. The typical top ceramic coat material is 6-8 wt% Y2O3
stabilized ZrO2 (YSZ), which has the above excellent comprehensive properties and can be
deposited by both APS and EB-PVD.
The YSZ performs quite well up to about 1200°C. However, it undergoes a diffusioninduced phase transformation from t’-phase to tetragonal and cubic phase at higher application
temperatures. During cooling the tetragonal phase will further transform into the monoclinic
phase, which is accompanied by a volume change and a high risk for damage to the coating.
Besides the phase transformation, significant sintering also has a detrimental effect on the
performance of YSZ TBCs. It leads to microstructural changes and hence a reduction of the
strain tolerance in combination with an increase of the Young´s modulus.
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2.2 Fabrication Technologies of TBCs
Although there are various methods for depositing coatings on metal substrates, the most
widely used methods for TBCs deposition in industry are atmospheric plasma spray (APS) and
electron-beam physical-vapor deposition (EB-PVD).
2.2.1 Atmospheric Plasma Spray (APS)
In APS process, powders of coating material are injected into the plasma flame, melted
and propelled to the substrate. Upon impingement on the substrate the molten drops are
quenched and solidified. A coating is produced by the successive impingement of the drops,
referred to as splats, on the substrate. Figure 2-3 shows the APS process and obtained
microstructure of the YSZ coating.

(a)

(b)
Figure 2-3 (a) Schematic of APS process[30]; (b) Microstructure of APS YSZ coating[31]

As it can be seen from the figure, APS TBCs have the following favorable
microstructural characteristics: (1) splat grain morphology (1-5 µm in thickness, 200-400 µm in
diameter) with inter-splat boundaries and cracks parallel to the metal/ceramic interface; (2) high
porosity (10-25 vol%); (3) high roughness of bond coat/top coat interfaces. The orientation of the
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cracks and pores normal to the heat flow reduces the thermal conductivity of the top coat from
~2.3 W·m-1·K-1 for a fully dense material to a more typical 0.8-1.7 W·m-1·K-1[16, 32, 33]. The
high porosity is beneficial for low elastic modulus, high strain tolerance and low thermal
conductivity. However, the undulating nature of the metal/ceramic interface, which is required
for better interlocking adhesion, produces out-of-plane stresses responsible for in-service failure
of APS TBCs.
Versatility and low production cost make APS TBCs attractive commercially. However,
APS TBCs generally have short thermal cycling lives, and usually used for land-based power
generation gas turbines which do not have frequently thermal cycling.
2.2.2 Electron-Beam Physical-Vapor Deposition (EB-PVD)
In EB-PVD process, a focused electron beams is used to evaporate the coating material,
and coatings are produced by condensation of vapor on the substrate. Multiple beams can be
employed to produce coatings containing components with differing vapor pressures. Figure 2-4
shows the EB-PVD process and typical microstructure of EB-PVD YSZ coating.
Typical EB-PVD top coats have the following microstructural features: (1) thin region of
polycrystalline YSZ with equiaxed grains (size 0.5-1 µm) near the metal/ceramic interface; (2)
columnar YSZ grains (2-10 µm in diameter) growing out of the equiaxed-grain region to the top
coat surface; (3) nanometer-scale porosity within the columnar grains; and (4) channels
separating the columnar grains, normal to the metal/ceramic interface. Besides, the bond coat/top
coat interface is much smoother contrast to the APS case.
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(a)
(b)
Figure 2-4 (a) Schematic EB-PVD deposition process[34]; (b) Microstructure of EB-PVD YSZ
coating[31]
The disconnected columns impart strain tolerance to the TBC because they can separate
at high temperatures, accommodating thermal expansion mismatch stresses. The porosity and the
cracks help reduce the thermal conductivity [1.5-2 W·m-1·K-1[35, 36]] but to a lesser extent than
APS TBCs, because the channels are parallel to the direction of heat flow. EB-PVD TBCs are
more durable, but expensive, relative to APS TBCs, and are used primarily in the most severe
applications, such as turbine blades and vanes in aircraft engines.
2.2.3 Other Deposition Technologies
By controlling the atmosphere of the plasma, spraying can be done in vacuum (vacuum
plasma spraying (VPS)) or low-pressure chamber (low-pressure plasma spraying (LPPS)). VPS
and LPPS are usually used to spray the bond coat because they can dramatically reduce the
oxidation of the bond coat powder during spraying[37-39].
The high velocity oxygen fuel (HVOF) thermal spray can also be used to deposit the
bond coat and top coat[39]. In HVOF, the combustion temperatures can exceed 2800 oC and
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typical gas velocities are 1000-1200 m/s, which is much higher than that in APS process (100300 m/s)[40]. It has high deposition rates and the HVOF coatings are very dense, strong and
show low residual tensile stress or in some cases compressive stress, which enable very much
thicker coatings.
A more recent deposition technology involves plasma spray of solution precursors
(SPPS). This process yields a nano-structured deposit through a sequence of rapid solvent
evaporation, pyrolysis and crystallization that may occur both in flight and on the substrate.
Thermal cycling durability is improved ascribed to the nanostructure. However, the thermal
conductivity (~1.4 W·m-1·K-1[41]) is significantly higher than that of conventional APS coatings.
2.3 Failure Mechanism of TBCs
TBCs system consists of four different layers with each layer having remarkable different
physical, thermal and mechanical properties. Under harsh working environment, such as extreme
high temperature, temperature cycling, and stress conditions, each of these elements is dynamic
and all interact to control the performance and durability of TBCs. Therefore, thermal barrier
systems exhibit multiple failure mechanisms. Due to different damage sources, the failure of
TBCs can be mainly caused by:
(1) Hot corrosion[4, 9, 42-47]. This problem results from the ingestion, from the
environment, of salt that combines with S and V impurities in the fuel to yield highly corrosive
mixtures of sodium sulfates and vanadates with relatively low melting points (~950 oC). When
these mixtures deposit on a conventional YSZ TBCs, they can lead to the following two
reactions:
Y2O3 (in t’-ZrO2) + V2O5 (in melt) → 2YVO4 ↓
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Y2O3 (in t’-ZrO2) + 3SO3 (in melt) → Y2(SO4)3 (in melt)
Both reactions induce destabilization of t’-ZrO2 by leaching of Y and shifting its
composition toward the range in which it becomes transformable to monoclinic. Hot corrosion
usually happens in engines using low quality fuel and operating in corrosive environments, such
as military aircrafts operation over seawater.
(2) Calcium-magnesium alumino-silicates (CMAS)[48-56]. This problem arises from the
ingestion of siliceous debris (airborne dust, sand, ash) that adheres to the surfaces in the hot gas
path (combustors, airfoils, shrouds) and at peak temperature of the engine cycle yields glassy
melts based on CMAS. The molten glass can (a) penetrate the TBC void spaces at temperature
above 1200 oC, stiffen the top coat and lead to shallow or deep delamination upon cooling; (b)
chemically dissolve the coating material, usually followed by precipitation of modified oxides.
(3) Erosion and foreign object damage (FOD)[57-62]. This problem is caused by the
foreign objects ingested into the engine, engine wear residues (such as thermally spalled TBC
from the combustor), or particulates generated within the engine (such as carbon particles formed
within the combustion process). Small particles (<1-2 μm) usually follow the gas stream and
cause little erosion. Particles above 2 μm but less than 20 μm may impact inclined surfaces and
cause erosion to the trailing edge of turbine aerofoils. The erosion damage is limited to the near
surface region of the TBCs, usually at a depth of 10-20 μm. Large particles (>40 μm) move
relatively slowly in the gas stream and can be hit by the rotating turbine hardware damaging the
leading edges. The FOD can result in plasticity and compaction damage, with possible
lateral/shear crack development due to the large strains introduced during impaction. If the strain
fields are strong enough, it can interact with the bond coat and TGO through the TBC layer.
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Under this condition, shear bands develop, propagating outward and down through the TBC,
until they turn near the TGO interface to produce delamination cracks within the TBC ceramic.
(4) High temperature/thermal cycling. Usually the high temperature/thermal cycling is
the dominant factor leading to the failure of TBCs. Even in this case, different failure
mechanisms may apply due to the facts that: (1) TBCs fabricated by APS and EB-PVD have
remarkable differences in their microstructure, morphology and thermo-physical properties; (2)
The MCrAlY and Pt-aluminide bond coats result in distinct TGO characteristics as well as
differing tendencies for plastic deformation; (3) TBCs experience vastly different thermal
histories in the two predominant areas of application (propulsion and power generation). TBCs
used for propulsion experience extensive thermal cycles, whereas most power systems operate
largely in an isothermal mode with few cycles. Despite such differences, the overarching
principle of TBCs failure mechanism, that the energy density in the TGO and imperfections in its
vicinity govern the durability, was proposed by A. G. Evans et al.[63].
Analogous to the cycle fatigue failure of structural alloys, P. K. Wright and A. G. Evans
et al. proposed that the failure process occurs through a sequence of crack nucleation,
propagation and coalescence events, as illustrated in Figure 2-5[64]. First, small cracks and
separations nucleate at imperfections in (or near ) the TGO. The tensile stresses that arise around
these imperfections and the associated energy release rates govern the details. Once nucleated,
the small cracks extend and coalesce, but the TBC remain attached at remnant ligaments. Failure
happens when remnant ligaments are detached causing a separation large enough to create either
a large scale buckle or an edge delamination that results in spallation.

14

The oxidation of bond coat during high temperature is considered to be a dominant
factor responsible for the spallation failure of TBCs. It mainly has two effects: (1) it results in the
depletion of Al in the bond coat, which results in the formation of other oxides and accelerates
localized oxidation by providing fast oxygen-diffusion paths[65]; (2) it results in the growth of
TGO, and thus the high thermal compressive residual stresses which are proportional to the
thickness of TGO and reach the maximum at ambient temperature[66]. Besides, progressive
roughening of TGO occurs due to cyclic creep of bond coat during thermal cycling and results in
out of plane stresses normal to the metal/ceramic interface[67]. These stresses, in combination
with the interfacial imperfections, are primarily responsible for TBC failure[68].

Figure 2-5 Schematic illustration of typical TBC failure process[64].
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2.4 New Materials for Top Coat of TBCs
As mentioned in section 2.1.4, YSZ undergoes phase transformation and sintering on
prolonged exposure at elevated temperature higher than 1200 oC, which results in failure of the
TBCs. Therefore, search for alternate materials has intensified in the last two decades, mainly
focus on further reducing thermal conductivity and improving microstructure stability at high
temperatures.
2.4.1 Co-Doped Zirconia Oxides
Pure zirconia has monoclinic-tetragonal phase transformation at 1170 oC accompanied by
a large volume change (3 to 9%) which makes it not suitable for TBC applications. Therefore,
metal oxides were used to stabilize or partially stabilize either cubic or tetragonal phase to room
temperature by introducing oxygen vacancies and/or lattice distortion. In addition, the thermal
conductivities of the doped zirconia are also decreased due to the phonon scattering by oxygen
vacancies and substitutional defects.
So far the 6-8 wt% Y2O3 stabilized zirconia (YSZ) is the most widely used material for
TBC applications. However, researches showed that thermal conductivities of 6-8YSZ can be
further reduced by co-doping with trivalent, tetravalent, and pentavalent dopants, such as Sc2O3,
Y2O3, Yb2O3, Er2O3, Gd2O3, Nd2O3, Eu2O3, CeO2, TiO2, Ta2O5, Nb2O5, etc.[36, 69-73]. The
amount introduced oxygen vacancies, dopant cation radius, and atomic mass are important
factors to choose the dopants[74]. Furthermore, highly defective lattice structures with nanoscaled defect clusters were observed in the multiple co-doping of TBCs, typically comprising Y
plus two other cations, one smaller (e.g. Yb, Sc) and one larger (e.g. Sm, Nd, Gd). It was
proposed that these clusters contribute to phonon scattering and are primarily responsible for
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larger reductions in conductivity than those found with Y alone or co-doped with only one of the
cations of interest[10].
2.4.2 Pyrochlores
Pyrochlores with A2B2O7 structure offer very attractive properties, such as lower thermal
conductivity and higher phase stability than conventional YSZ ceramics, which make them very
attractive materials for TBCs, especially for the rare-earth zirconates (Ln2Zr2O7), where Ln is
any or combination of La, Gd, Sm, Nd, Eu and Yb, etc.[75-78].
Among the rare-earth zirconates, La2Zr2O7 (LZ) and Gd2Zr2O7 (GZ) are the most widely
investigated pyrochlores for TBC application. LZ has low thermal conductivity of 1.56 W.m-1.K-1,
low sintering tendency and high thermal stability up to 2000 °C[79]. However, the drawback is
the relatively low thermal expansion coefficient of about 9×10−6 K−1 compared to YSZ with 1011×10−6 K−1 which leads to higher thermal stresses from thermal expansion mismatch. In this
regard, the higher thermal expansion coefficient of Gd2Zr2O7 (11×10−6 K−1) is advantageous[80].
Studies of GZ also showed that it is more resistant against CMAS attach than YSZ[81]. At high
temperature fine debris made of CMAS with the intake of air melt and infiltrate into the TBCs,
while during cooling they solidify and reduce the strain tolerance of the coatings. GZ can react
with the silicate leading to crystallization and thus stop the penetration in the early stage.
On the other hand, reactions of pyrochlore materials with TGO take place at elevated
temperatures which is harmful to the duration of TBCs. Another disadvantage of the pyrochlore
materials is the lower toughness than the YSZ which makes the thermal cycling life much lower
than YSZ coatings. To overcome these problems double ceramic layer TBCs are proposed and
will be further illustrated in the following section.
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2.4.3 Hexaaluminates
Hexaaluminates have high melting point, high thermal expansion, low thermal
conductivity, excellent longtime sintering resistance and structural stability up to 1800 °C, which
make them advantageous for TBC applications. The nominal composition is (La, Nd)MAl11O19
where M could be Mg, Mn to Zn, Cr, Sm[82].
Among these, the most extensively investigated is LaMgAl11O19 in terms of its
thermophysical properties and processing issues during air plasma spraying[83, 84]. It has low
Young's modulus and the high fracture toughness which makes the deposited coatings have long
thermal cycling life. However, the initial phase is amorphous in the plasma sprayed coatings due
to the rapid quenching from the molten state. Upon an initial heat treatment recrystallization
occurs over the temperature range from ~800 °C to 1200 °C which is marked by a large decrease
in the volume of coatings[85]. The recrystallization phenomenon has been considered to be the
major drawback of hexaaluminate coatings.
2.4.4 Perovskites
Most of perovskites are stable at high temperature making them very attractive candidate
for material development in TBC applications. Studies on potential TBC application of BaZrO3
and SrZrO3 have been carried out because of their high melting temperatures (2690 °C and
2800 °C respectively). Results showed that BaZrO3 had relatively poor thermal and chemical
stability which resulted in early failure of coatings during thermal cycling tests[86]. In contrast,
SrZrO3 has been found to exhibit better performance on cycling at surface temperatures higher
than 1250 °C. However, at an intermediate temperature of ~730 °C, SrZrO3 undergoes an
undesirable phase transformation from orthorhombic to pseudo-tetragonal. Such transformation
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could be suppressed by doping with Gd or Yb, which also improves the thermophysical
properties of the coatings at elevated temperatures[87].
Complex perovskites Ba(Mg1/3Ta2/3)O3 (BMT) with melting temperature of 3100 °C and
La(Al1/4Mg1/2T1/4)O3 (LAMT) with

low thermal conductivity have also gained research

attention[88]. During atmospheric plasma spraying of complex perovskites, nonstoichiometric
phase may form due to the differences in vapor pressure of the component oxides. Recent study
suggested that this could be minimized by proper optimization of plasma spray parameters to
obtain shorter residence time of the particles in the hot plasma plume[88, 89].
2.5 Multilayer Structure of TBCs for New Materials
The major problem in the application of new TBC materials is their much shorter life
than the YSZ coatings due to the much lower toughness and/or larger thermal expansion
mismatch between the ceramic coat and metal bond coat. In order to overcome the thermal shock
problem, functionally graded coatings, multilayer graded coatings, and double ceramic top
coatings are proposed with the same idea that to effectively reduce the thermal stresses generated
by the large differences in thermal and/or mechanical properties of materials at the interface.
Figure 2-6 shows the concept of multilayer graded coatings and double layer structured coatings.
Due to the much complex processes to prepare functionally graded coatings and
multilayer graded coatings, the low reliability and repeatability of these coatings are big concern.
Therefore, the double ceramic-layered coatings are often used. Noticed that APS TBC systems
often fail within the top coat close to the bond coat/top coat interface, in the double-layered
system conventional YSZ is used as the bottom and new materials such as pyrochlores or
perovskites are used as the top coat. This design takes both the advantages of YSZ which has
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relatively high thermal expansion coefficient and high toughness and the new materials which
usually have low sintering and high thermal stability. Figure 2-7 shows the advantage of double
ceramic layer systems based on pyrochlore/YSZ coatings. As it can be seen, their high
temperature capability is significantly better than that of the YSZ coatings and they are expected
to improve the gas turbines working temperature at least 100 oC.

(a)

(b)

Figure 2-6 Schematic description of (a) a multilayer graded coating; and (b) a double layer
structured coating[90]

Figure 2-7 Thermal cycling life as a function of surface temperature for different thermal barrier
coating systems[87]
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2.6 Thermal Radiation through TBCs
In TBC system consisting of ceramic top coat and metallic bond coat/substrate, the
coating is heated by convection and radiation of the hot gas, and at the back of substrate it is
convectively cooled by the cooling gas. Within the coating heat is transferred through thermal
conduction and thermal radiation. The thermal conduction plays a predominant role and it
depends on the thermal conductivity of the ceramic coating.
While the radiation transport through TBCs to the metal component originates from two
sources[91]: (1) external radiation from hot combustion gases; and (2) internal radiation emission
from within the hot coating itself. As increase of the gas turbine inlet temperature, thermal
radiation is playing an increasing role in the total heat transfer due to its fourth power
dependency on the temperature according to Stefan-Boltzmann law.
2.6.1 Thermal Radiation Effects in TBCs
The radiation property of a material is a function of wavelength. According to Wien’s
displacement law as the body increases in temperature, the emission spectrum becomes more
pronounced and the peak of emission intensity shifts toward a smaller wavelength. For example,
the peak radiant intensity of a blackbody occurs at 2.9 µm at 1000 K and at 1.45 µm at 2000 K.
For the typical range of temperatures in a TBC, a considerable fraction of the radiant
energy is in the wavelength range of 0-6 µm as it shown in Figure 2-8. It was also reported that
95% of the radiation in a combustor was in the wavelength range of 0.5-9.5 µm[91].
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Figure 2-8 Fraction of blackbody radiation in the wavelength range from λ=0 to the cutoff
wavelength λc as a function of blackbody temperature[91]
However, zirconia based ceramic materials are transparent or semitransparent to this
certain radiation wavelength as indicated in Figure 2-9, which shows the spectral hemispherical
transmittance of single crystal 13.5YSZ specimens of various thicknesses at room
temperature[14]. As it can be seen from the figure, in region I (0.3-5 µm), the material has no
absorption and exhibits a high transmittance, indicating that the thermal radiation energy can
penetrate the ceramic coating and get to the bond coat, which results in the increase of bond coat
temperature and accelerates the failure of TBCs. Region II (5-10 µm) is a transition region, the
material exhibits semitransparent and in region III the material is opaque in wavelength longer
than 10 µm.
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Figure 2-9 Room-temperature hemispherical transmittance along (100) direction of single
crystal 13.5YSZ specimens with various thicknesses[14]
Siegel and Spuckler[91] calculated the thermal radiation effect on temperature
distribution in plasma sprayed TBCs assuming the hot gas temperature in turbine engine was
2000 K. According to this calculation, the temperature increase on the metallic substrate
resulting from radiation effects was as high as 50 oC as compared to that of an opaque coating.
Noted that a reduction of 30-60 oC in metallic temperature can produce a twofold increase in
turbine component life[15], the radiation effect is significant and cannot be neglected.
2.6.2 Methods to Reduce Radiation Heat Transfer
Comparing to reducing the thermal conductive coefficients of TBC ceramic materials,
researches on reducing thermal radiation transport through TBC systems are relatively few.
However, coatings with increased reflectivity have been prepared by increasing the density of
scattering defects such as microcracks and pores within the coating, boundaries between multiple
layers.
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By changing the spraying parameters in atmospheric plasma spray and using suspension
plasma spray (SPS), TBCs with different microstructures were prepared and optical studies
showed that the reflectances of TBCs were strongly correlated with the porosities and higher
reflectances corresponded to higher porosities[17, 18]. Another study showed that scattering is
highly relevant to isotropic pores with characteristic average radius of ~1 µm[92].
Prepared by periodic “shuttering” and “in and out” method in EB-PVD, multilayer (up to
40 layer) 7YSZ TBCs showed a 28-56% increase in the hemispherical reflectance as compared
with the standard 7YSZ coatings[15]. With periodic “shuttering” method, a multilayer TBCs
consisted of alternative 7YSZ and Al2O3 coatings with fixed layer spacing showed a 73%
infrared reflectance maxima at 1.85 µm wavelength compared to 30% for the standard 7YSZ
TBCs[16]. The increase of these reflectances was due to the increase of scattering centers (such
as defects in the interfaces, micro-porosity, vacancies, etc.) and the refractive index variation in
the interface.
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CHAPTER 3 TBCS LABORATORY PREPARATION PROCESS AND
FABRICATION OF A NEW THERMAL CYCLING TEST RIG
3.1 TBCs Fabrication Procedure in the Lab
TBCs are consisted of metals and ceramics which have great difference in the thermomechanical properties and the structures and preparation processes are extremely complex. The
properties of a TBC system are dependent not just on the materials being used but also on the
process parameters. In plasma spray the process parameters can be subdivided into following
categories [21, 93-95]:
(1) Substrate preparation—grit composition and size, sand blast angle, pressure and
duration, etc.
(2) Plasma jet formation—torch design, gas composition, mass flow rate, plasma powercurrent and voltage, etc.
(3) Powder and its injection—includes powder chemical composition, morphology, size
and distribution, carrier gas pressure, powder feed rate, the particle injector dimensions and
orientation with respect of the plasma jet, the hose size and length between powder feeder and
plasma gun, etc.
(4) Deposition process— substrate temperature, spray distance, the velocity of the plasma
torch, composition and pressure of the enveloping atmosphere, etc.
These parameters influence the particle trajectory within the plasma jet and consequently
the key parameters of particle temperature and velocity upon impact.
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3.1.1 Substrate Material and Pretreatment
Ni-based superalloys are normally used to fabricate the turbine blade. However, there are
different kinds of Ni-based superalloys. For TBC research, stainless steel, Hastelloy-X, IN718,
IN738, single crystal RenéN5 and CMSX-4 are used by different researchers[65, 96-99]. IN738
was chosen in this research because of the availability and its high oxidation resistant
performance required at high temperature in the thermal cycling tests.
The IN738 is a cast superalloy and its nominal composition is listed in Table 3-1. First
the big cast rod of IN738 was cut into small rods with 12.7 mm or 25.4 mm in diameter using
electric discharge machine (EDM). Then small rods were further cut into small pieces of disks
with a thickness of 3 mm.
Table 3-1 Nominal composition of IN738 (wt%)[100].
IN738

Ni
Balance

Cr
16.0

Co
8.5

Ti
3.4

Al
3.4

W
2.6

Mo
1.75

Ta
1.75

C
0.17

Substrate surface preparing treatments have great effects on the bond coat adhesion
strength. Before plasma coating, the substrates were sand blasted with 60-grit sized aluminum
oxide powders to get rid of the grease and make a coarse surface. Figure 3-1 shows the sand blast
equipment used in this research. The blast pressure and angle affect the final surface morphology
of the substrate which has great influence on the adhesion strength of the substrate and the bond
coat. In the experiment the pressure is 90 psi and the sand blast gun is perpendicular to the
surface of the substrate.
After sand blast, the substrate disks were ultrasonic cleaned using acetone for three times
to get rid of the debris of sand.
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Figure 3-1 Sand blast equipment
3.1.2 Overview of APS System
Atmospheric Plasma spraying involves many parameters and these parameters interact
with each other, which makes the process extremely complex. Figure 3-2 illustrates the main
components of Sulzer Metco 9M APS system, and Figure 3-3 shows the Sulzer Metco 9M APS
system used in this research. To make it work or to get the desired microstructure and properties
of the TBCs, process parameters should be optimized.
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Figure 3-2 Key components of Sulzer Metco 9M APS system

Figure 3-3 Sulzer Metco 9M high energy plasma thermal spray system
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3.1.3 Plasma Forming Gases
The following gases can be used in the 9M plasma system: argon (Ar), helium (He),
nitrogen (N2), hydrogen (H2). They can be classified as primary gases (Ar and N2) and secondary
gases (H2 and He) according to the necessity in the spray system. In the APS process, the plasma
gas particles are accelerated by the high level of supplied energy and are ionized due to the high
velocity collision. Thus the high energy, high temperature, electrically neutral plasma containing
free electrons, positive ions, as well as neutral atoms/molecules are formed. Different thermal
properties of the above gases are listed in Table 3-2. Argon and helium are monatomic gases
while hydrogen and nitrogen are diatomic gases. The monatomic gases generally have a lower
energy but are higher in temperature than the diatomic gases.
Table 3-2 Properties of various plasma forming gases[101]
Properties
Relative Molar Weight
Specific Heat Capacity at 20
o
C (kJ·kg-1·K-1)
Thermal Conductivity
Coefficient at 25 oC (W·m-1·K-1)
Arc Voltage (V)
Plasma Temperature (K)

Primary Gas

Secondary Gas

Ar

N2

H2

He

39.94

28.02

2.02

4.00

0.520

1.04

14.32

5.19

0.016

0.024

0.17

0.14

40

60

62

47

14,000

7,300

5,100

20,000

Ar is chosen as the primary gas because it has following advantages compared to N2
[102]:
(1) It is a noble gas and is completely inert to all spray materials;
(2) It is the easiest of these gases to form plasma and it can provide a stable electric arc;
(3) It generates higher temperature and higher velocity;
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(4) It tends to be less aggressive towards electrode thus has longer nozzle life;
(5) It produces lower noise levels.

Hydrogen is used as the secondary gas to enhance the heat transfer to the particles due to
the high heat conductivity. A small amount of hydrogen added to the other plasma gas
dramatically alters the plasma characteristics and energy levels and is thus used as one control
for setting plasma voltage and energy. In addition, Hydrogen also acts as anti-oxidant when
spraying the bond coat. In addition, it is much cheaper than He.

The purity of the gases used has a remarkable effect on nozzle and electrode life. Ultrahigh-purified Ar and H2 are used as the primary and secondary gases in this research. The
pressures of Ar and H2 coming out from the two-stage regulators are set to be 75 psi and 50 psi,
respectively.
3.1.4 Powder Feeder System
Powder feeders can be grouped into three basic categories: gravity-fed hoppers,
volumetric powder feeders, and fluidized-bed powder feeders[103]. In Sulzer Metco 9M plasma
thermal spraying system, 5MPE powder feeder, which is a fluidized-bed powder feeder, is used
for the delivery of powder spray materials to the plasma gun.
The principle of fluidized-bed powder feeder system is illustrated in Figure 3-4. Pressure
regulated carrier gas enters the powder feeder and is separated into two circuits. In one circuit,
the carrier gas (hopper gas) is directed to top of the hopper to pressurize the hopper and to the
bottom of the hopper, which agitates the powder and suspends a controlled volume of powder in
the bed (bottom of the hopper) to be fluidized. In the second circuit, the carrier gas goes into the
powder port shaft, which has a converging/diverging internal design that creates a lower pressure
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inside the shaft (Bernoulli principle) that draws the fluidized powder into the carrier gas stream
through the powder port orifice and delivers it to the gun. Vibrators propelled by the compressed
air and powder gravity are also used to assist and maintain an even and continuous powder flow
from the hopper into the bed.

Figure 3-4 Illustration the principle of fluidized-bed powder feeding system[103].
In the 5MP powder feeder system, the powder feed rate is mainly controlled by the
carrier gas regulator, feed rate regulator and the flow meter as shown in Figure 3-5. Of these
three parameters, the hopper pressure is directly proportional to the carrier gas flow rate, which
influences the powder feed rate. Thus the pressure should be the first to set up. In this research,
argon is used as the carrier gas and the pressure in the powder feeder is set to be 60 psi as
suggested in the manual.
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Figure 3-5 Sulzer Metco 5MPE powder feeder system.
Whether particles can be suspended in the bed and carried away by the carrier gas flow is
determined by the drag forces exerted by the carrier gas. So the carrier gas flow rate should be
carefully adjusted since it is very sensitive to the powder size, size distributions, morphology and
density, etc. For example, powder may fall out at a given carrier gas flow, if the particle size is
too large or too dense. In addition, particle mass, size, and morphology determine how quickly
powders can be aspirated and reach the carrier-gas flow velocity. Smaller, lighter, and/or
irregularly shaped particles move faster and are carried out of the bed before larger, denser, or
spherical particles[103]. What’s more, the carrier gas flow rate also has much influence on the
particle melting status because it determines the momentum and kinetic energy of particles
impinging into the plasma flame, thus the domains of plasma flame particles can reach.
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Powder feed rate is also a very important parameter. It influences the particle melting
status through the energy exchange between plasma and the injected powder particles. For
example, there will be not enough transferred energy to melt the particles in a certain time if the
powder feed rate is too high. Powder feed rate is related to many factors, such as, the melting
point of the powder, the particle size, the input power, the primary and secondary plasma gases
and their flow rates which determines the heat exchange efficiency and duration time of particles
in the plasma flame.
Besides the above three adjustable parameters, there are two more changeable parts need
to be chosen before using the 5MPE powder feeder. The first one is the powder port shaft which
has A, B, and C three different types. The internal geometry, size and angle of powder port
orifice are different. Generally speaking, type A is used for large particle size powders; type C is
for small particle size powders and type B is between type A and type C. Correspondingly, there
are two kinds of hoses which conduct powder between the powder feeder and the gun. One is
black and it is for easy flow powders. The other one is orange and it is for fine powders.
Two powder feeders were used in our system (see Figure 3-3). One is used for metal
powders and the other one is used for ceramic powders to avoid contamination to each other.
3.1.5 Plasma Spray Process
The plasma gun consists of a tungsten cathode/electrode with sharp tip and a copper
anode/nozzle with constrict shape, between which DC voltage is applied (see Figure 3-6). When
the mixed primary and secondary plasma gases flow into the gun, a high voltage discharge
causes local ionization and a conductive DC arc to form between the cathode and anode. The arc
causes resistance heating which enables the gas to reach extremely high temperature to dissociate
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and ionize to form the plasma. Insulator is also important to produce the plasma. Different gases
use different insulators in 9M plasma spray system. In this research, standard argon front
insulator with two gas holes is installed since the primary gas is argon. Due to the high
temperature of plasma, both of the electrode and nozzle are cooled by the cooling water. The
speed of exiting plasma with standard nozzle can reach to 100-300 m/s under air atmosphere.
The powder injected into the plasma stream at the plasma exiting place and is rapidly heated,
accelerated and hit onto the substrate. The spray distances can be varied from 25 to 150 mm.

Figure 3-6 Illustration of plasma gun and spray process
The plasma spraying process involves in three stages of energy transfer: (1) transfer of
electrical energy from an electrical potential field to the plasma gas through ionization and thus
plasma heating; (2) transfer of thermal energy and impulse (heat and momentum transfer) from
the plasma to the injected powder particles; (3) transfer of thermal and kinetic energy from the
particles to the substrate to be coated[104]. In order to get good quality coatings, the parameters
influencing the above three stages of energy transfer should be well controlled.
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The geometry (profile, diameter) of a nozzle influences the first stage of energy transfer
by influencing the plasma flow pattern, temperature and velocity. Two kinds of nozzles are
available in 9M plasma spray system: standard and high performance. Both produce coatings of
equal quality. High performance nozzles exhibit longer service life. In this research standard GH
type nozzle was used. To protect the electrode and the nozzle, distilled/deionized water with
conductivity less than 5 µS is used in the heat exchanger. The cooling water pressure in heat
exchanger is set to be 9 bar (130 psi) in order to make the cooling water flow into and out of the
gun in a rate of ~16 l/min. In addition, the Accu chiller with minimum flow rate of 60 l/min is
used to cool the cooling water in the heat exchanger. In order to maintain the cooling water in
heat exchanger below 21 oC (70 oF), the water temperature in the chiller is set to be 18 oC (65 oF).
Spray distance influences the second and third energy transfer stages by influencing the
duration of particles in the plasma flame, and thus the melting status of the particles. It should be
in the range of 50 to 150 mm in the APS according to the plasma gases and the sprayed material.
Usually the metal powders have longer plasma flame than ceramic powders.
Linear velocity of the torch with regard to the substrate influences the third energy
transfer stage. Slower moving speed will result in thicker coating layer per scan and lager
thermal stress after cooling. The velocity is in the range of 50 to 2000 mm/s in a typical APS
process.
Substrate temperature is also an influence parameter in the third energy transfer stage. It
influences the cooling rate of the splatted particles. It is especially important when spraying
ceramics onto metals due to the large differences of thermal expansion coefficients between
these two materials. It could generate huge residual stresses which may result in the premature
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failure of coatings. The substrate needs to be pre-heated to 100-200oC before coating in order to
reduce the thermal stress.
3.2 Design and Fabrication of a Novel TBCs Thermal Cycling Test Rig
3.2.1 Overview of Novel TBCs Thermal Cycling Test Rig Functions
There are mainly two test methods for TBCs high temperature properties: the isothermal
oxidation test which uses the muffle furnace and cycling test which mostly uses burner rig (see
Figure 3-7). The isothermal oxidation test cannot reflect the cycle-dependence of the TBCs
properties at high temperature. Although in the burner rig test, the thermal gradient can be
produced by using cooling gas from the back of the substrate, the fluctuation of the surface
temperature can be huge due to unstable flame, which complexes the analysis of the failure
mechanism.

Figure 3-7 Thermal cycling test facility with natural gas burner and hot samples[105].
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While in the gas turbine engine TBCs are subjected to not only the high temperature but
also the high pressure. Besides, there is thermal gradient along the direction of the coating
surface to the metal substrate due to the internal and external gas cooling.
In order to better simulate the TBCs working environment, a novel test rig was designed
and fabricated. The required main functions are:
(1) Heat and keep the TBCs samples as high as 1350 oC for long time;
(2) Provide and maintain the internal pressure as high as 150 psi;
(3) Introduce and control the gas composition constituted as many as four different gases;
(4) Generate the temperature gradient of at least 100 oC between the ceramic surface and
the back of metallic substrate and make it measurable;
(5) Automatically control the thermal cycling test and make it programmable;
(6) Real-time monitor and record the failure of samples.
According to the above requirements, the design and fabrication work were initially
started by senior students Dustin, Adam, Troy and Brian in mechanical engineering department
of LSU. They built up the two big vessels which can generate high pressure inside, the support
table where two vessels locate, the gas pipelines to introduce different compositions of gases.
After that more than two years have been devoted to accomplish the initial requirements of the
test rig through design-build-trouble shouting-redesign procedure. Figure 3-8 illustrates the final
design of the test rig and Figure 3-9 shows the fabricated rig.
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Figure 3-8 Final design of the thermal cycling test rig.

Figure 3-9 Fabricated thermal cycling test rig in the lab.
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3.2.2 High Temperature Function
To achieve the high temperature, the robust radiator from MHI company was used as the
heating element (see Figure 3-10 (a)). The coil heating element is made of molybdenum
disilicide and the maximum coil temperature is 1900 oC with a continuous work temperature of
1700 oC. The coil is first insulated by ceramic refractory and then by insulating fiber to reduce
the heat dissipation. The programmable silicon controlled rectifier (SCR) temperature controller
from MTI company is used to control the heating temperature (see Figure 3-10 (b)).

(a)

(b)

Figure 3-10 (a) Robust radiator; (b) Temperature control panel.

3.2.3 High Pressure and Various Gas Atmospheres
The high pressure is realized by the upper and lower vessel sealed by spiral wound gasket.
Pressure gauge and relief valve were also installed on the external wall of the upper vessel. Mass
flow controllers and 4-channel mass flow readout were used for the gas composition control.
3.2.4 PLC Control
24V DC actuator with potentiometer output which can be used for controlling the sample
holder position was used to carry the samples into and out of the furnace (see Figure 3-11 a). The
wire diagram of the actuator can be seen in Figure A-1 in the appendix. The actuator was
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controlled by the Siemens Program Logic Controller (PLC) (see Figure 3-11 b). The 24V DC is
the main power supply for the PLC and the actuator. The 12V DC power supply was used to
transfer the resistance in actuator to voltage which is the feedback signal to the PLC. The wire
diagram of the PLC and the PLC program can be found in Figure A-2 and Figure A-3 in
appendix, respectively.

(a)

(b)

Figure 3-11 (a) Actuator; (b) Siemens Program Logic Controller (PLC) and DC power supply.
3.2.5 Thermal Gradient Design
To generate thermal gradient, the back of the substrate must be cooled by compressed
cooling gas. The magnitude of thermal gradient can be controlled by the cooling air flow rate.
The temperature of top surface of the sample is the same as the furnace temperature because
when running the test, the sample holder stops at the position where the furnace thermocouple is
as close as possible to the top surface of the sample. To calculate the thermal gradient, the back
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temperature of the substrate needs to be known. This is realized by another thermocouple which
is put into the cooling tube, see Figure 3-12.

(a)

(b)

Figure 3-12 (a) Assembled sample holder, cooling tube and thermocouple; (b) Illustration of
cooling mechanism
3.2.6 Real-time Monitor of Sample Failure
The TBCs thermal cycling life varies from several hours to a couple of months depends
on the materials used and test conditions. To know when the sample fails is very important
especially in the case of a closed environmental test. For example, in the TBCs thermal cycling
test with high pressure and different components of gases, it is very arduous to assemble and
dissemble the heavy vessels of which the total weight is more than 1,000 pounds. What’s more,
it is costly to seal the vessels and to use large amount of different gases. Therefore, it is
necessary to monitor the status of sample inside of the vessels.
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An auto-focus webcam is used to monitor the status of the sample when the sample is out
of the furnace and gets to the lowest position (see Figure 3-13). Because of the strong radiation
and convective heat transfer from the hot sample, the camera is sealed in a polycarbonate cabin
and cooled by the flowing compressed air introduced by the inlet and outlet from the bottom of
the cabin. Besides the real-time monitor, the camera can record the whole experimental
procedure. To save disk space, the camera also can capture and save imagines according to the
set time interval.

Figure 3-13 Monitor system in the designed test rig.
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CHAPTER 4 THERMAL CYCLING BEHAVIOR AND FAILURE
MECHANISM OF Gd2Zr2O7 BASED TBCS
4.1 Experimental Procedure
4.1.1 Preparation of TBCs
Ni-based superalloy Inconel 738 was used as the substrate material. Φ25.4 and Φ12.7
mm substrate disks were prepared. Both of them are in thickness of ~3 mm. These disks were
sand blasted with 60-grit size of alumina followed by ultrasonic cleaning in acetone for 3 times
with 20 minutes for each time. Both the bond coat and ceramic coat were prepared by
atmospheric plasma spraying (Sulzer-Metco 9M, Winerhur, Switzerland) using Ar/H2 mixture
gas as the flame generation. The bond coat powder is NiCrAlY (Amdry 9625, Sulzer Metco)
with particle size 45-75 µm. The ceramic powders are spray dried 8YSZ (Sulzer Metco 204NS)
with particle size 11-125 µm and GZ (Trans-Tech) with particle size 37-249 µm. For the
GZ/YSZ mixed layer preparation, the GZ and YSZ powders were first mixed and then used in
the powder feeder. The morphologies of the ceramic powders are shown in Figure 4-1.

Figure 4-1 Ceramic powders used for plasma spraying (A) YSZ and (B) GZ.
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Mainly double ceramic-layered and three ceramic-layered coatings were prepared. For
comparison, single ceramic-layered YSZ and GZ coatings were also prepared. Two kinds of
double ceramic-layered TBCs with different compositions were prepared: one was using YSZ as
the first layer deposited on the bond coat and GZ as the top layer (denotes as GZ/YSZ), the other
was using YSZ as the first layer and mixture of GZ and YSZ with 50wt% GZ as the top layer
(denotes as GZ50%/YSZ). For three ceramic-layered coatings, YSZ was used as the first layer
deposited on the bond coat, the mixture of GZ and YSZ with 50wt% GZ was used as the middle
ceramic layer, and GZ was used as the top layer (denotes as GZ/GZ50%/YSZ). All of the above
mentioned coatings were sprayed on Φ12.7 mm substrates. In addition, for the thermal cycling
test at 1150 oC with and without cooling, GZ/YSZ samples with 1” diameter were prepared.
Plasma spraying parameters are shown in Table 4-1.
Table 4-1 Plasma spraying parameters
Layer

Arc
current
(A)

Coating
distance
(mm)

Plasma gas
Ar/H2
(SCFH)

Carrier gas
Ar
(SCFH)

Powder feed
rate
(g/min)

Bond coat

500

130

96/15

8

40

Ceramic layer

660

80

64/32

8.4
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4.1.2 Thermal Cycling Test
For the thermal cycling test, two kinds of equipments were used. One is CM 1800
bottom-loading thermal cycling furnace (CM Furnaces Inc., Bloomfield, NJ), and the other is our
designed thermal cycling test rig. For preliminary study, thermal cycling tests of YSZ, GZ,
GZ/YSZ, GZ50%/YSZ coatings were performed at 1150 ºC using CM furnace. Each thermal
cycle was programmed as: a 10-min heating up to 1150 ºC, a 60-min hold, followed by a 10-min
cooling by the cooling fan which was facing to the top surface of the coating. The minimum
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temperature was measured by an infrared pyrometer and it was around 85 ºC. Three to five
samples were cycled to failure. The failure was defined as a visible crack appearing on the edge
or spallation greater than 20% of the specimen area. For the thermal cycling test using the
designed test rig, 1-h thermal cycling program was used which consisted of 50-min hold in the
furnace and 10-min hold at room temperature in the open air. To investigate the cycling
frequency effect, 10-h thermal cycling program was also used which consisted of 600-min hold
in the furnace and 10-min hold at room temperature in the open air. The actual temperature of the
samples were measured and monitored from backside of the substrate by an Omega temperature
recorder. Each 10-h thermal cycle has the same furnace-holding duration as 12 1-h thermal
cycles. The GZ/GZ50%/YSZ three ceramic-layered coatings were tested at 1050 oC, 1150 oC,
and 1250 oC using 1-h thermal cycling program, and at 1150 oC using 10-h thermal cycling
program. The GZ/YSZ double ceramic-layered coatings were tested at 1150 oC using 1-h thermal
cycling program with and without cooling gas. Three specimens were used for each type of
thermal cycling test performed on the designed test rig.
4.1.3 Characterizations
Before doing the thermal cycling test, the thermochemical compatibility of GZ and YSZ
was studied. The GZ and YSZ, 50wt% GZ and 50wt%YSZ powders were ball-milled for 1 hour
and compressed into green disks under 400 MPa and sintered for 0, 48, 144, 192h at 1300 ºC,
respectively. Finally, the disks were ground into powders to do the X-ray diffraction (XRD) test.
X-ray diffraction (MiniFlex XRD, Rigaku Corporation, Japan) with Cu Kα radiation λ=1.54178Å
at a scan speed of 1o/min was used for the phase determination of powders. In order to evaluate
the lattice parameter, silicon powder was used as the external calibration reference.
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After the thermal cycling test, the surface and cross-section microstructure of coatings
were observed using a Field Emission Scanning Electron Microscopy (FE-SEM, Quanta 3D FEG,
FEI Company, USA). To observe the cross-section microstructure, the specimens were sectioned,
mounted, ground and polished by standard metallographic preparation techniques. All of the
prepared specimens were platinum coated prior to doing the SEM.
4.2 Thermochemical Compatibility of Gd2Zr2O7 and YSZ Powders
The thermochemical and thermomechanical compatibilities at the interfaces are critical to
the durability of the TBC system. For typical YSZ TBCs, cracks and spallation usually occur at
the interfaces of BC/TGO or TGO/YSZ because of the large strain energy density due to the
growth of TGO and the thermomechanical mismatch in the interface upon cooling from
operating temperature. When using the rare-earth zirconates as the alternate thermal barrier
coating materials, a great concern is the potential for deleterious interactions between the TBC
and the TGO. Although ZrO2 and Al2O3 are thermochemically compatible, addition Y2O3 above
~23mol% is expected to induce the formation of garnet at 1250 ºC. Investigations have shown
that ZrO2 composition with >32 mol% Gd2O3 tended to react with the TGO to form a porous
GdAlO3 layer even at 1100 ºC, which had an about -9% volume change and compromised the
integrity of the system and eventually the protective function of the TGO[106]. Thus when the
GZ is used as TBC material, the commonly used method is to incorporate a suitable diffusion
barrier (usually YSZ) between GZ and TGO. In this study, the thermochemical compatibility of
GZ and YSZ was investigated by calcining the ball-milled powder mixture in the mass ratio of
50:50 at 1300 ºC, which is considered to be the working temperature for the next generation of
TBCs. Figure 4-2 shows the XRD patterns of 50wt% GZ powder and 50wt% YSZ powder
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blends treated for 0, 48, 144, 192 hours at 1300 ºC. For comparison, the XRD patterns of the
original YSZ and GZ powders are also shown in the figure.

Figure 4-2 XRD patterns of 50wt% GZ powder and 50wt% YSZ powder blends with different
treatment duration at 1300 ºC.
It is shown that the peak of GZ around 50o shifts towards the higher 2θ value, which
means the lower d-value, as increasing the annealing time. The lattice constants of GZ in the
blends are listed in Table 4-2. This decreasing trend was also found in the blends of 50mol%
La2Zr2O7 and 50mol% YSZ[107]. This may be caused by the substitution of Gd3+ in GZ by Y3+
through the inter-diffusion of Gd3+ and Y3+ in the blends, because Y3+ (0.89Å) has a smaller
ionic radius than Gd3+ (0.98Å).
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Table 4-2 Lattice parameters of GZ in the blends of 50wt% GZ + 50wt% YSZ after different
heat treatment at 1300 ºC.
Annealing time at 1300 ºC (h)

Lattice parameter (Å)

0
48
144
192

10.5336
10.5189
10.4567
10.4466

According to the Gd2O3-ZrO2 phase diagram[108], the stable phase of GZ at room
temperature is pyrochlore, which is an ordered structure with both two cations and anion
vacancies are ordered and one-eighth of the anion missing (Figure 4-3a). As the composition
departs from the stoichiometric GZ, the degree of ordering decays gradually and results in a
defect-fluorite structure, in which two cations are randomly distributed over the cation sublattice
(yellow/blue hemispheres in Figure 4-3b) and one-eighth of the O vacancy randomly occurs in
the anion sublattice (red spheres in Figure 4-3b). Though the composition range of pyrochlore
phase is much narrower than that of La2Zr2O7 system (from 0.87La2O3·2ZrO2 to 1.15
La2O3·2ZrO2[109]) because of the much larger La3+ (1.06 Å) than Gd3+, there is a wide
coexistence region of pyrochlore and fluorite phases. Therefore, there might be an order-disorder
phase transformation due to the ion diffusion in GZ/YSZ double- or multiple-layered TBC
systems. However, even if there is an order-disorder phase transformation, the volume change
should be small due to the similarity of the pyrochlore and fluoride structure.
From Figure 4-2 it also can be seen that the relative intensities of YSZ to GZ peaks at
around 50o and 60o are reduced in the process of heat treatments, indicating that a solid solution
with GZ structure but higher ZrO2 concentration compared to stoichiometric GZ is formed due to
the ion diffusion, which means that a part of YSZ transformed into pyrochlore phase from the
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initial t’ phase. Volume change is usually accompanied by the occurrence of phase
transformation and introduces stresses. This might be one of the reasons for the interface failure
in double-layered or functionally gradient TBC systems.

Figure 4-3 Crystal structure of GZ. (a) Ordered pyrochlore structure, larger blue spheres are
Gd3+ ions, small yellow spheres are Zr4+ ions, and large red spheres are O2− ions; (b) Disordered
fluorite structure, mixed Gd3+ and Zr4+ ions randomly distributed over the cation sublattice are
denoted by yellow/blue hemispheres and the 7/8 occupied O sublattice is represented by red
spheres[17].
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4.3 Microstructure of As-spayed Coatings
The microstructures of as-sprayed coatings with different ceramic layers are shown in
Figure 4-4. It can be seen from the figure that the total ceramic layer thickness of single and
double ceramic-layered coatings was ~250 µm. For the double ceramic-layered coatings, the
thickness of the YSZ was ~150 µm and the subsequent top layer was ~100 µm. This kind of
thickness ratio can optimize TBCs thermal cycling performances for the following reasons which
has been proven to be effective by Dai[107]:
(1)YSZ has higher fracture toughness and with such thickness ratio it can efficiently
reduce the stress in the GZ layer to prevent its premature failure;
(2) GZ has lower thermal conductivity coefficient and with such thickness ration it can
efficiently reduce the temperature of YSZ to prevent or reduce its sintering effect and phase
transformation.
For the three ceramic-layered coatings, the total thickness of ceramic layers was ~300 µm
which consisted of ~150 µm YSZ layer, ~70 µm 50wt%GZ+50wt%YSZ layer, and ~80 µm GZ
layer.
All of the as-sprayed coatings show the typical porous microstructures of APS sprayed
TBCs, which is beneficial to the TBCs by reducing the thermal conductivity coefficient and
increasing the thermal strain tolerance. However, the GZ layer has more globular pores,
intersplat pores and unmolten particles than that of YSZ layer. The surface of GZ layer is much
coarser than that of YSZ surface. These differences ascribe to the larger particle size of GZ than
that of YSZ (see Figure 4-1) while the spraying parameters were the same.

50

Figure 4-4 SEM micrographs of the cross-section of as-sprayed coatings. (A) YSZ, (B)
GZ50%/YSZ, (C) GZ/YSZ, (D) GZ, and (E) GZ/GZ50%/YSZ.
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4.4 Thermal Cycling Performances of Gd2Zr2O7 Based TBCs
4.4.1 Thermal Cycling of Single and Double Ceramic-layered TBCs at 1150 oC
Figure 4-5 shows the thermal cycling life of the fabricated single and double ceramiclayered coatings. The macroscopic failure appearances are shown in Figure 4-6. It can be seen
that YSZ has the longest thermal cycling life. The failure happened by delamination at the edge.
GZ failed by complete delamination of the whole ceramic layer and it has the shortest thermal
cycling life. Although the thermal expansion coefficient of GZ is close to that of YSZ, it is
reasonable to assume that the thermal stress in GZ is larger than that in YSZ considering the
sintering effect of GZ. What’s more, the fracture toughness of GZ is much lower than that of
YSZ, implying that the crack initiation and growth will occur even with lower stress levels.
Therefore, the single-layer GZ coating has much lower thermal cycling life than YSZ.
GZ50%/YSZ coating failed by bucking, which is another typical phenomenon in YSZ coatings.

Figure 4-5 Thermal cycling life of single and double ceramic-layered coatings at 1150 ºC with
CM furnace.
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Figure 4-6 Photograph of failed single and double ceramic-layered coatings after the thermal
cycling test at 1150 ºC with CM furnace. (a)YSZ failed after 31 cycles; (b) GZ50%/YSZ failed
after 23 cycles; (c) For GZ/YSZ, the GZ layer was spalled after 26 cycles, and after 32 cycles the
YSZ were also spalled; (d) GZ failed after 12 cycles.
Figure 4-7 displays the SEM micrographs of the cross-section of the failed coatings after
thermal cycling. All of them failed in the ceramic layer close to the interface of the YSZ layer
and TGO except for GZ/YSZ coatings, leaving spots of ceramics on the surface of the bond coat,
which is often occurred in the APS coating systems. Another interesting phenomenon should be
noticed is that the ceramic layer often came off in a whole piece within one or two cycles (see
Figure 4-6 d), indicating that large horizontal cracks were initialed and developed into large
cracks before the vertical cracks became prominent (see Figure 4-7 A, B and C). This is different
from many other results and it may be due to the smaller and edge-unbeveled substrate or more
uniform temperature gradient in the furnace cycling test than that in the burner-rig test. In the
GZ/YSZ coating the delamination first occurred in the GZ layer close to the interface of GZ and
YSZ layers, indicating a different failure mechanism from typical YSZ systems.
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Figure 4-7 SEM micrographs of the cross-section of single and double ceramic-layered coatings
after thermal cycling tests at 1150 ºC with CM furnace (A) YSZ, (B) GZ50%/YSZ, (C) GZ/YSZ,
and (D) GZ.
4.4.2 Thermal Cycling of Three Ceramic-layered TBCs at Different Temperature
Figure 4-8 is the measured temperature profile of the 1h-thermal cycling test at 1050 oC,
1150 oC, and 1250 oC. It took around 10 minutes for the specimens to get to the peak temperature.
After 10 minutes cooling in the air out of furnace, the temperature was around 260 oC which is
higher than that with CM furnace, because there was no cooling fan or cooling gas used in the
test. The temperature of the specimens was quite stable after reaching to the peak temperature,
which is an advantage compared to the gas burner rig thermal cycling test.
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Figure 4-8 Measured temperature profile of 1h-thermal cycling test at different temperature
using the designed test rig.
Figure 4-9 indicates the thermal cycling life of GZ/GZ50%/YSZ coatings at 1050 oC,
1150 oC, and 1250 oC. The macroscopic failure appearances are shown in Figure 4-10. It can be
seen that the thermal cycling life of coatings was dramatically decreased when the temperature
increased from 1050 oC to 1150 oC. Correspondingly, the failure phenomenon was also different.
Coatings at 1050 oC failed gradually, first chipped off at the edge of the coating, and then
vertical cracks appeared on the surface (Figure 4-10 a). Coatings at 1150 oC and 1250 oC failed
suddenly, usually within one or two cycles. The failure initiated by the delamination at the edge,
and then rapidly grew into large areas (Figure 4-10 b). If the vertically crack also grew large
enough in the growth process of horizontal cracks, large part of coatings could peel off as shown
in Figure 4-10 (c).
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Figure 4-9 Thermal cycling life of GZ/GZ50%/YSZ coatings at different temperature with the
designed test rig.

Figure 4-10 Photograph of failed GZ/GZ50%/YSZ coatings after the thermal cycling test at
different temperature using the designed test rig. (a) Coating failed after 452 cycles at 1050 oC;
(b) coating failed after 28 cycles at 1150 oC; and (c) coating failed after 16 cycles at 1250 oC.
Figure 4-11 exhibits the SEM micrographs of the cross-section of the failed coatings after
thermal cycling at different temperature. In this figure, the delaminated ceramic layers were
shown in A, C, and E. There were large vertical cracks along with the horizontal
delamination/cracks, which initiated from the top GZ layer. These vertical cracks penetrated into
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the sub-layer after initiation and may stop by the sub-ceramic layer (as shown in A) or penetrate
through the whole ceramic layer (as shown in C and E). The delamination areas around the
interface of YSZ layer and the bond coat were shown in B, D, and F. All of the delamination
occurred in the YSZ layer close to the interface of the YSZ layer and TGO.

Figure 4-11 SEM micrographs of the cross-section of GZ/GZ50%/YSZ coatings after the thermal
cycling test at different temperature using the designed test rig. (A) and (B) 1050oC; (C) and (D)
1150oC; (E) and (F) 1250oC.
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4.4.3 Thermal Cycling of Three Ceramic-layered TBCs with 10h-thermal-cycling Program
GZ/GZ50%/YSZ coatings experiencing 10h-thermal cycling test failed after 8 cycles, and
the macroscopic failure appearances are shown in Figure 4-12. The whole ceramic layer was
peeled off, leaving ceramic spots on the substrate surface. Also dark spots, the TGO, were
observed on the back surface of the delaminated ceramic layer. The microstructure of the front
surface of ceramic layer was shown in Figure 4-13 A. There were tiny pores between the wormlike GZ grains and micro-cracks showing on the front surface, which increased the in-plane
strain tolerance of the ceramic coating. Therefore, few large cracks showed in the ceramic crosssection microstructure in Figure 4-13 D. Dense columnar YSZ grains, which made the coating
have less strain tolerance, appeared on the back surface of delaminated ceramic layer (Figure
4-13 B). Same morphology was observed on the delaminated surface of the substrate in Figure
4-13 C. The cross-section microstructure in E showed no TGO layer which may be lost in the
sample-cutting process indicating that the adherence of TGO layer to the ceramic layer or bond
coat was not good.

Figure 4-12 Photograph of the failed GZ/GZ50%/YSZ coating after 8 cycles of 10h-thermalcycling test at 1150 ºC.
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Figure 4-13 SEM micrographs of GZ/GZ50%/YSZ coatings after 8 cycles of the 10h-thermalcycling test at 1150 ºC. (A) front surface of delaminated ceramic layer; (B) back surface of
delaminated ceramic layer; (C) surface of substrate after delamination; (D) cross-section of
delaminated ceramic layer; and (E) cross-section close to the interface of ceramic/bond coat.
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4.4.4 Thermal Cycling of Double Ceramic-layered TBCs with and without Cooling
Figure 4-14 is the measured temperature profile of the 1h-thermal cycling test at 1150 oC
with and without cooling. The backside temperature of the substrate was decreased from 1150 oC
to 942±2 oC, indicating that there was a ~210 oC thermal gradient in the specimens. The cooling
gas also decreased the minimum temperature from ~ 260 oC to ~133 oC. Noticing that the
measured temperature was the backside of substrate, the temperature of the top ceramic layer
should be less than ~133 oC. The fluctuation of the peak temperature under cooling condition is a
little larger than that without cooling.

Figure 4-14 Measured temperature profile of thermal cycling test at 1150 oC with and without
cooling using the designed test rig.

60

Figure 4-15 indicates the thermal cycling life of GZ/YSZ coatings at 1150 oC without and
with cooling. The macroscopic appearances of coatings are shown in Figure 4-16. The thermal
cycling life of GZ/YSZ coating with cooling was more than 706. The top surface morphology
shown in Figure 4-16(b) indicates that the sample still kept integrity expect for the small chips at
the edge. It is not considered to be failed because the damaged area is less than 20%. The
dramatic increase of the thermal cycling life with cooling is mainly due to the low temperature of
the bond coat.
Another thing should be pointed out is the sample size effect. At the same temperature,
the thermal cycling life of Φ12.7 mm GZ/YSZ samples tested by CM furnace is 26. While for
the Φ25.4 mm samples tested with the designed test rig, the thermal cycling life is 131. Even
considering the differences of test equipments and the hold time at peak temperature in each
cycle (60 min with CM furnace and 50 min with the designed test rig), the large samples are
considered to have longer thermal cycling life than smaller samples.

Figure 4-15 Thermal cycling life of GZ/YSZ coatings at 1150 ºC without and with cooling using
the designed test rig.
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Figure 4-16 Photograph of GZ/YSZ coatings after the thermal cycling test at 1150 ºC (a) without
and (b) with cooling using the designed test rig.
Figure 4-17 presents the SEM micrographs of the front ceramic surface and cross-section
of GZ/YSZ coatings after thermal cycling without and with cooling. As it can be seen in A and B,
compared to the coating with cooling, the surface of the coating without cooling is much
smoother and it has more cracks, which may be due to the more severely sintering effect of the
whole ceramic layer at high temperature. Big horizontal cracks occurred in the YSZ layer close
to the top GZ layer can be seen in the coating without cooling (Figure 4-17 C). While with
cooling, cracks inside of the ceramic layer are not obvious (Figure 4-17 D).
The cracks enhanced the oxidation rate by permitting more oxygen penetrated into the
ceramic coating and reached the interface of YSZ/TGO and inside of bond coat. As shown in
Figure 4-17 C and D, the oxidation of the bond coat without cooling is more severe than that
with cooling although the oxidation time is shorter. Also the TGO thickness of coating without
cooling (~4.4 µm, Figure 4-17 E) is much thicker than that with cooling (~3.4 µm, Figure 4-17
F).
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Figure 4-17 SEM micrographs of GZ/YSZ coatings after the thermal cycling test at 1150 ºC. (A,
C, E) without cooling and (B, D, F) with cooling.
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4.5 Failure Mechanism of Gd2Zr2O7 Based TBCs
The thermal cycling performances of single, double, and three ceramic-layered GZ based
TBCs were carried out under different thermal conditions. The failure phenomenons can be
classified into three categories:
(1) Delamination at the edge in YSZ layer close to the YSZ/TGO interface, and further
propagation resulted in the complete spallation of the ceramic coating. This is the most
phenomenon occurred in the test.
(2) Bucking which only happened in GZ50%/YSZ coating in 1150 oC thermal cycling
test (Figure 4-6 b).
(3) Spallation at/close to the interface of two ceramic layers, which occurred in GZ/YSZ
two ceramic-layered coatings (Figure 4-6 c and Figure 4-16 a).
Edge and buckle-driven delamination were also the two main competing failure
mechanisms for conventional YSZ TBCs[63, 64]. The same explanation is supposed to be
applied for the current GZ based TBCs. P. K. Wright et al. proposed a failure map representing
the basic elements of this competition, as shown in Figure 4-18[64]. In the lower left of the map,
as the TGO experiences large in-plane compressions upon cooling, the film attempts to alleviate
the stress by lengthening itself, through out-of-plane displacements. This can happen by TGO
bucking. Because the low in-plane modulus of the TBC does not resist the small scale TGO
buckling, the system would fail by TBC bucking. In the upper right, the TBC has relatively high
in-plane stiffness and limited strain tolerance, causing the residual stress in the TBC to be large
and resulting in a high strain energy density. The TGO growth and the increased amplitude of
undulations with thermal cycle enhance this energy density which provides a strong driving force
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for the edge delamination. The plasma sprayed TBC has splat grain morphology and inter splat
boundaries parallel to the interface, which makes the relatively in-plane stiffness high, thus most
of the failure occurs by edge delamination.

Figure 4-18 A schematic of large scale bucking and edge delamination of TBCs with a failure
mechanism map[64].
Above analysis indicates that understanding stresses in the TGO is crucial to analyze the
failure mechanism of TBCs. There are two main sources of stresses[63]: (1) one is from the TGO
growth at high temperature. Oxidation is accompanied by growth strains and associated stresses.
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The strain represents the overall volume increase upon converting the alloy to Al2O3. The
associated stresses comprise in-plane stress which is induced by the lateral growth strain and
normal stress which is induced by the out of plane thickening strain due to the formation of new
TGO at the interface with the bond coat. Experimental measurements indicated that the TGO
growth stresses are compressive and relatively small, ranging from 0 to 1 GPa[110], because the
misfit induced by growth is relaxed by rapid creep in the TGO at high temperature; (2) the other
is from the thermal expansion misfit between the ceramic coat and the metal bond coat/substrate
upon cooling. Thermal expansion misfit stresses are also compressive, ranging from 3 to 6
GPa[111, 112].
Imperfections (especially undulations) cause the thermal expansion misfit stresses to
redistribute, as shown in Figure 4-19[113]. Normal tensions exist where the TGO is convex and
vice versa. Shear stresses exist at inclined section. These stresses depend on the elastic mismatch
and the ratio of the amplitude to the wavelength of the undulations.

Figure 4-19 Distribution of stresses at an undulating TGO interface[113].
66

When the shear stresses induced in the bond coat upon cooling sufficiently exceed its
yield stress, the bond coat flows plastically from the base to the peak of the prominent
undulations, allowing the amplitude to increase (Figure 4-20). For the undulation to continue to
enlarge, the growth strain at high temperature “feeds” the process. In such cases, steady-state
ratcheting becomes possible, whereby the amplitude increases with each thermal cycle[114].

Figure 4-20 Illustration of the ratcheting phenomenon and its effect[114].
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As the amplitude increases, normal stresses develop in the superposed TBC. The normal
stresses govern crack growth parallel to the interface, near the TGO, and they increase
systematically as the TGO growth. Upon cooling, the compression normal to the TGO interface
diminishes, because of thermal expansion misfit. In fact, should the bond coat creep sufficiently
during TGO growth, these stresses become tensile at ambient and motivate interfacial separation.
The failure process of TBCs occurs through a sequence of crack nucleation, propagation
and coalescence events. It is motivated by the strain energy density in the TGO and resisted by
the fracture toughness along the delamination plane. When the tensile stresses around the
undulations are large enough to exceed the delamination toughness of the TBC, cracks are
initiated. The TGO growth and increase of the amplitude of undulations enhance the normal
tensile stresses which motivate the propagation of cracks. When small cracks become large
enough to satisfy buckling requirements, opening of the interface crack faces increases the
energy release rate, resulting in a minimum value, which represents a buckle propagation
criticality. The coalescence of these cracks results in a separation large enough to satisfy large
scale buckling and spalling. Therefore, TBC fails.
With extensive thermal cycling, combinations of thermal expansion misfit and growth
strains enlarge the imperfections by a ratcheting mechanism, amplifying the energy release rates
and accelerating failure.
For the edge delamination, the “edge effect” was also noticed[115-118]. Kim, et al.
simulated the thermal stress development and distribution in coin-type TBC samples during a
thermal cycle which consisted of a 45 min heating in the furnace at 1100 oC and 15 min of forced
air cooling[116]. Results showed that the shear stress at the interface is compressive throughout
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the cycle, and tensile stress σ22 occurred in the direction perpendicular to interface. The tensile
stress at the edge remained constant during steady state and then instantaneously increased
during the cooling step. Figure 4-21 shows the stress distribution along the interface between the
bond coat and top coat after the sudden increase in σ22 by cooling shock. Most of the central part
of a specimen is stress-free, whereas σ22 rapidly increased within 1 mm from the edge to the
maximum at the edge. The edge tensile stress is due to the cooling shock phenomenon resulting
from the temperature gradient through the thickness of the coating specimen immediately on
forced air cooling, as shown in Figure 4-22.

Figure 4-21 Stress distribution along the interface between bond coat and top coat when stress at
the edge gets the maximum after the beginning of forced air cooling[116].
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Figure 4-22 Simulated profile of the substrate central temperature (N500) and temperature
difference between the top surface and bottom of a specimen at the edge (N1860-N160) in a
thermal cycle[116].
For the spallation at/close to the interface of two ceramic layers in GZ/YSZ coatings, it is
mainly caused by the following reasons: (1) there are more defects at the GZ/YSZ interface
introduced in the sample preparation process; (2) the abrupt change of thermo-mechanical
properties at the GZ/YSZ interface. This can be alleviated by adding a transition layer of 50wt%
GZ + 50wt% YSZ. As shown in three ceramic-layered TBCs, the ceramic interface was not the
weakest place to initiate the cracks; (3) the interfacial stress resulted from the sintering effect of
GZ. Since the thermal expansion coefficients of GZ and YSZ are very close, the spallation of GZ
is not mainly from the thermal mismatch of the two ceramic materials. Because GZ has more
globular pores and intersplat pores than YSZ layer as shown in Figure 4-2, the sintering effect of
GZ is more evident, which results in the volume and surface contraction of GZ. The shrinking
surface introduces the in-plane tensile stress and causes cracks perpendicular to the surface, as
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shown in GZ/GZ50%/YSZ coating after thermal cycling at different temperature (Figure 4-11).
The horizontal cracks in GZ layer are developed when the in-plane tensile stress accumulates to
some extent. The coalescence of horizontal cracks combined with extension of vertical cracks
result in the delamination and spallation of ceramic layer mostly from the YSZ layer.
One thing should be pointed out is that all of the coatings were tested in the furnace,
which means that there was less thermal gradient in the samples than that in a burner-rig test
except for the test with cooling in which the sample didn’t fail after 706 cycles. The GZ ceramic
layer could not effectively protest the bond coat from the high temperature. The designed
working temperature of the bond coat in this study is ~950 ºC. So the severe oxidation of the
bond coat is the most important reason for the short lives of all the coatings.
4.6 Conclusions
Gd2Zr2O7 is a potential candidate for TBCs applications. However, its reaction with the
TGO layer makes it must be used in combination with an insulator layer, usually in the form of
double or multiple ceramic-layered TBCs. In the present work, XRD results showed that the
lattice constants of GZ structure in the mixture of 50wt% GZ + 50wt% YSZ powder decreased
with the increase of hold duration at 1300 ºC, which indicated that there might be an orderdisorder phase transformation due to the ion diffusion in the GZ/YSZ mixture. The reduction of
relative intensities of YSZ to GZ in XRD indicated that YSZ tended to transform into GZ phase
in the process of heat treatment, which would cause the volume change and the internal stress.
This might be one of reasons for the interface failure in double-layered or functionally gradient
TBC systems.
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The thermal cycling behaviors of single ceramic-layered GZ, YSZ coatings, double
ceramic-layered GZ/YSZ, GZ50%/YSZ coatings and three ceramic-layered GZ/GZ50%/YSZ
coatings were investigated at different thermal conditions. Results showed that GZ based TBCs
were mainly failed by delamination at the edge in YSZ layer close to the YSZ/TGO interface,
bucking and spallation at/close to the interface of two ceramic layers. Edge and buckle-driven
delamination were motivated by the compression in the TGO around interface imperfections
caused by TGO growth and thermal expansion misfit between the ceramic layer and the bond
coat upon cooling. The tensile stresses that arise around undulations and the associated energy
release rate govern the crack nucleation, propagation and coalescence. The tensile stresses at the
edge caused by the cool shock phenomenon during the cooling step are also contributed to the
edge delamination. Thermal cycling amplified the energy release rates and accelerated TBCs
failure through enlarging imperfections by a ratcheting mechanism.
The spallation at/close to the interface of two ceramic layers in GZ/YSZ coatings was
mainly caused by defects at the GZ/YSZ interface introduced in the sample preparation process,
the abrupt change of thermo-mechanical properties at the GZ/YSZ interface, and the interfacial
stress resulted from the sintering effect of GZ. Sintering of GZ shrinked the ceramic layer,
introduced the in-plane tensile stress and caused the vertical cracks, which usually initiated from
the top layer due to the restriction of inner layer inside of TBCs during the thermal cycling.
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CHAPTER 5 THERMAL RADIATION PROPERTIES OF Gd2Zr2O7 TBCS
5.1 Introduction
As the radiation heat transport through TBCs is making more contribution to the total
heat transfer in advanced turbine engines, estimating the radiative heat transfer effect on
combustor liners and first-stage turbine vanes and blades is becoming more important. Through a
series of papers, Siegel and Spuckler have built a model to calculate the heat transfer in TBCs
systems considering the convection, conduction and radiation. In their model the scattering and
absorption coefficients, along with the index of refraction of the TBC material, must be known to
predict the heat transfer through the TBC and they predicted the radiative transport over a range
of these parameters for YSZ TBC system[91, 119, 120]. However, these properties of TBCs are
not easy to obtain due to the multiple interactions between photons and large amounts of
particles in the coatings.
Different researchers used different models to get the scattering and absorption
coefficients of TBCs. Makino et al. used a four-flux Kubelka-Munk methodology to determine
the absorption and scattering coefficients for alumina, zirconia, silicon nitride, and silicon
carbide[121]. Using the same method Jeffrey et al. calculated the absorption and scattering
coefficients for plasma sprayed YSZ TBCs at room and elevated temperatures[12, 13]. Stuke et
al. determined scattering and absorption coefficients using a simpler two-flux model utilizing
reflectance and transmittance measurements from TBCs with single thickness[17, 18].
Dombrovksy used a modified two-flux model to determine the scattering and absorption
coefficients[92, 122]. The radiation parameters getting from different models can be varied
largely for the same TBCs samples. In addition, all of these studies were focus on the YSZ
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material, and reports of radiation properties of plasma sprayed new TBC materials are very
limited.
In this study, different models for calculating thermal radiation properties of TBCs are
introduced and compared and radiation properties of GZ coatings are obtained. These properties
together with the thermal conductivities can provide more useful information to explore new
materials for high temperature TBCs application.
5.2 Experimental Procedure
5.2.1 Sample Preparation and Characterization
YSZ and GZ coatings with different thicknesses were plasma sprayed on sacrificial
carbon disks (25.4 mm in diameter and 3.2 mm in thickness). The spray parameters were the
same as in section 4.1. Free standing specimens were obtained for reflectance and transmittance
measurements by burning off the carbon substrate at 800 oC for 4 hours in open air furnace. The
densities of YSZ and GZ coatings were measured by Archimedes method. Then the porosities
were derived by comparing the measured densities with the theoretical densities (6.10 and 6.97
g·cm-3 for YSZ and GZ, respectively). The same method for determining the coating thickness
was used as in reference [12], which is weighing the free standing coating and dividing the
coating mass by the product of the coating area and density. This indirect mass-based thickness
measurement was utilized because it provides a better average over the localized thickness
variations inherent in plasma sprayed coatings than determining the thickness using a microscope
to measure the distance between poorly defined coating boundary locations.
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5.2.2 Reflectance and Transmittance Measurements
Room-temperature

normal

incidence

directional

hemispherical

reflectance

and

transmittance spectra were acquired using a Nicolet 760 Fourier transform infrared (FTIR)
spectrometer (Thermo Nicolet, Madison, WI) with an integrating sphere accessory (Labsphere,
North Sutton, NH). Spectra in the range of 0.8-2.5 µm wavelength were collected using a quartz
halogen lamp source and a CaF2 beam splitter. Spectra in the range of 2.0-13.0 µm wavelength
were collected using an Ever-Glo Mid-IR source and a KBr beam splitter. See reference [13] for
more detailed test information. According to Kirchhoff’s law, the absorptance (A) is equivalent
to the emittance (E), and the absorptance can be calculated from closure using the following
relationship:
(5-1)

5.3 Models of Calculating the Absorption and Scattering Coefficients for TBCs
5.3.1 Four-flux Model
In the four-flux model it is assumed that the scattering is isotropic, and there is no
emission by TBC coatings in the concerned wavelength range. The illustration of this model is
shown in in Figure 5-1. The axis

is perpendicular to the freestanding coating with thickness .

The front surface of the coating is in the plane of

and the back surface is in the plane of

. Because the measurements of reflectance and transmittance in the experiments are
performed with collimated incident radiation, the model assumes only a collimated beam of
intensity

is incident onto the front surface of the coating. Inside of the coating, there are four

components: (1) a collimated beam of intensity
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propagating to positive ; (2) a collimated

beam of intensity

propagating to negative

; (3) a diffuse beam of intensity

propagating to positive ; (4) a diffuse beam of intensity

propagating to negative .

Figure 5-1 Illustration of the four-flux model for the radiation transfer.

The radiation properties of TBCs are characterized by (1) the refractive index of the
coating ; (2) the absorption coefficient

such as the relative energy lost by a collimated beam

flowing perpendicularly to an infinitesimal slice of the coating

due to true absorption is

;

(3) the scattering coefficient similarly defined for the absorption coefficient; (4) the forward
scattering ratio , which is equal to the energy scattered by a particle in the forward hemisphere
over the total scattered energy. In the case of isotropic scattering,
and diffuse radiation, and the backward scattering ratio is

⁄ for both of collimated
⁄ ; (5) the average crossing

parameter defined by saying that, when the radiation light crosses a length
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, the average path

length which is traveled over is actually

. For the collimated beam,

isotropic diffuse beam,

, and for the

[12, 123]. According to the

above definition, the absorption coefficients are

and

, i.e.

and

for the collimated and

diffuse radiation, respectively. The forward scattering coefficients are

and

,, i.e. ⁄

and for the collimated and diffuse radiation, respectively. The backward scattering coefficients
are

, i.e. ⁄

and

and

for the collimated and diffuse radiation,

respectively.
Because the refractive index of the coating and the surrounding air are different, the
radiation beam will reflect at the interface. The specular reflectance for collimated light is given
by Fresnel’s formula[124]:
√

[(√

Where

)

√

(

√

) ]

(5-2)

is the angle of incidence.

For the collimated radiation,
same and denoted by

, and the external and internal reflectivity is the

.

(

)

(5-3)

For the diffuse radiation, the value of external reflectivity

is obtained from the

integrated averages of the Fresnel equation[124]:
(

)

(

)
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(

)

(

)

(5-4)

The internal reflectivity

considering the total internal reflection at angles greater than

the critical angle is[12]:

(5-5)

According to the energy balance involving the reflected, absorbed and transmitted
energies when traveling through an infinitesimal slice of the coating

, the following

differential equations can be established:

(5-6)

(5-7)

(5-8)

(5-9)

For example, equation (5-6) means that the forward collimated intensity
through coating thickness

is decreased by the absorption

and backward scattering

scatting

Noticing that

, forward scattering

. Equation (5-8) means that the forward diffuse intensity

traveling through coating thickness
scattering

traveling

is decreased by the absorption

, but increased by
and

backward

forward scattering

,

and

scatting

and

backward

,

backward

.

, the solutions of the above differential equations

are:
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(5-10)
(5-11)
(5-12)
(5-13)

Where

√ ⁄

,

,

.

As shown in Figure 5-1, the boundary conditions at

and

is:
(5-14)
(5-15)
(5-16)
(5-17)

Using equations (5-6), (5-7), (5-10) and (5-11),

and

are found to be:

(5-18)

(5-19)

Where is the optical thickness and
Using equations (5-8), (5-9), (5-12) and (5-13),
(

and
)
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are found to be:

(5-20)

(

Where

)

(5-21)

;

;
;

;

;
The total reflectance

is constituted of two parts: the collimated-collimated reflectance

and the collimated-diffuse reflectance
,

and

.

. As shown in Figure 5-1, at the front surface

can be calculated by the following equations:

(5-22)

(5-23)

Thus, the total reflectance

is:

(5-24)

In the same way, the total transmittance
transmittance
and

is the sum of the collimated-collimated

and the collimated-diffuse transmittance

. At the back surface

,

are given by:

(5-25)

[

So the total transmittance

]

is:
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(5-26)

[

]

Although there are only two unknown parameters
(5-27), an iterative approach was used to determine

(5-27)

and in two equations (5-24) and

and instead of directly solving the binary

equations. In the iterative approach, the sum of residuals squared (

) was calculated according

to the equation (5-28) at each iteration and minimized by varying the absorption and the
scattering coefficients.
∑
Where
and

and

(5-28)

are the measured reflectance and transmittance at each wavelength;

are the calculated reflectance and transmittance at each wavelength according to equations

(5-24) and (5-27), respectively.

is the number of measured samples with different thicknesses.

5.3.2 Two-flux Model
In the two-flux model, only forward diffuse radiation
radiation

and backward diffuse

are considered. Using the same assumptions and definitions as in the four-flux

model, the differential equations descripting the changes of diffuse radiative intensities traveling
through an infinitesimal slice of the coating are:

(5-29)

(5-30)

Using

,

and

, the solutions of equations (5-29) and (5-30) are:

(5-31)
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(5-32)

Figure 5-2 Illustration of the two-flux model for the radiation transfer.
The boundary conditions at

and

are:
(5-33)
(5-34)

Using equations (5-31), (5-32), (5-33) and (5-34),

and

are found to be:

(5-35)

(5-36)
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The total reflectance

is:
[

]

{[

The total emittance
[

(

)

]

}

(5-37)

is:
]

(5-38)

5.3.3 Kubelka-Munk Model
The Kubelka-Munk model is the basic and also the simplest two-flux model. It is
assumed the isotropic sample is illuminated only by diffuse radiation and there is no
boundary reflection which means the refractive index of the sample is the same as the
surrounding medium.

Figure 5-3 Illustration of the Kubelka-Munk model for the radiation transfer.
The differential equations regarding to the forward diffuse radiation
diffuse radiation

are the same as equations (5-29) and (5-30).
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and backward

For

,

and

, the solutions are:

(5-39)
(5-40)
The boundary conditions at

and

are:
(5-41)
(5-42)

Thus,

and

are found to be:

(5-43)

(5-44)

The reflectance

is:
(

The emittance

)

(5-45)

is:

(5-46)

5.4 Thermal Radiation Properties of 8YSZ
The measured 8YSZ coating physical properties are listed in Table 5-1. As it shown, the
porosities of the coatings are in the range from 13.1% to 14.2%.
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Table 5-1 Main properties of freestanding 8YSZ coatings.
Sample number

Thickness (µm)

Density (g·cm-3)

Porosity (%)

1

105

5.300

13.1

2

127

5.303

13.1

3

224

5.233

14.2

4

417

5.278

13.5

5

486

5.262

13.7

Figure 5-4 displays the measured reflectance and transmittance spectra of 8YSZ coating
with thickness of 224 µm in the wavelength range of 0.8-2.7 µm. There is an overlap region
between 2.0 µm and 2.5 µm which is due to different radiation sources used in the measurement.
As stated in section 5.2.2, spectra in the range of 0.8-2.5 µm wavelength were collected using a
quartz halogen lamp source and spectra in the range of 2.0-13.0 µm wavelength were collected
using a Mid-IR source. The small differences between the measured values in this region indicate
a good agreement of the two measurements.
Figure 5-4 also indicates strong data scattering in the lower range of wavelength,
especially in the wavelength less than 1.2 µm. Therefore, the measured reflectance and
transmittance spectra were first merged in the overlap region, and then smoothed in the range of
0.8-2.7 µm as shown in the figure. For coatings with other thicknesses and the following
reflectance and transmittance spectra of GZ coatings, the same treatment was performed before
comparing with each other. Then the merged and smoothed spectra were used to calculate the
absorption and scattering coefficients.
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(a)

(b)
Figure 5-4 Measured and smoothed (a) reflectance and (b) transmittance spectra of free standing
plasma sprayed 8YSZ coating with thickness of 224 µm in the wavelength range of 0.8-2.7 µm.
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The

smoothed

room-temperature

hemispherical

reflectance,

transmittance

and

absorptance spectra are displayed in Figure 5-5 for free standing plasma sprayed 8YSZ
specimens with thicknesses ranging from 105 to 486 µm. The reflectance minimum,
transmittance minimum and absorptance peak at wavelength of ~2.8 µm and ~4.2 µm are due to
the OH and CO2 absorption, respectively, and they will disappear at TBC working temperature
(more than 1000 ºC) [125] or reduce by the heat treatment of coatings for 6 h at 1000 ºC in an
Ar/O2 mixture at atmospheric pressure[12], so they do not really play an active role in reflection
and absorption of the coatings.
The high reflectance and transmittance of coatings at wavelength <6 µm indicate that the
8YSZ is a high scattering, low absorption, and semitransparent material at the wavelength where
the turbine engine thermal radiation is most concentrated. High reflectance and low
transmittance are the desired radiation properties for TBC application. While at wavelength >8
µm, both the reflectance and transmittance are low, which indicate that the 8YSZ is highly
absorbing in this range. Generally, over the whole wavelength range, the reflectance decreases
with the increase of wavelength which is caused by the decrease of the relative size of the
scattering center (internal pores and cracks) compared with the wavelength and the increase of
the absorption.
It can also be seen from Figure 5-5 that at wavelength <6 µm, the reflectance increases
with the increase of coating thickness because of the high scattering and low absorption property
of 8YSZ in this range. The transmittance decreases with the increase of thickness due to the
increase of radiation scattering and absorption through the coating thickness.
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(a)

(b)
Figure 5-5 Smoothed room-temperature hemispherical (a) reflectance, (b) transmittance and (c)
absorptance spectra of free standing plasma sprayed 8YSZ coatings with thickness of 105, 127,
224, 417, 486 µm.
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(c)
Figure 5-5 (continued).
The refractive index of YSZ shows little dependence on the wavelength and temperature,
and the value of 2.10[12] is used in this study to extract the absorption and scattering coefficients
of 8YSZ from the reflectance and transmittance spectra using four-flux model. The results are
presented in Figure 5-6.
Coefficients only in the wavelength range from 0.8 µm to 7.4 µm were calculated
because of the following reasons:
(1) For the typical range of temperatures in a TBC, a considerable fraction of the radiant
energy is in the range of wavelength <6 µm. For example, more that 90% radiation of a
blackbody is in the wavelength range below 6 µm when the temperature is 1500 oC[91]. And
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according to Wien’s displacement law, the peak radiant intensity of a blackbody occurs at 2.26
µm at 1000 oC and at 1.55 µm at 1600 oC;
(2) When the absorption is sufficiently high, the scattering acts like absorption which
makes it difficult to separate the effects of absorption and scattering using the four-flux
model[126].
As it is shown in Figure 5-6, the absorption coefficient is extremely low at low
wavelength until 6 µm, from which it starts to increase rapidly. In the whole wavelength range,
the scattering coefficient decreases with the increase of wavelength. In plasma sprayed YSZ
TBCs, the scattering is mainly due to the refractive index mismatch between the YSZ (n=2.10)
and the interior of the TBC pores and cracks (n=1.0). This is proved by the decrease of
scattering/reflectance (or increase of transmittance) through infiltrating TBCs with a refractiveindex-matching epoxy and CMAS[54, 127]. Another reason for the scattering is considered to be
the discontinuities of the refractive index at the boundary of the crystal grains where the grains
face have different orientations[121]. The decrease of scattering coefficient with the increase of
wavelength is due to the decrease of the relative size of the scattering center (internal pores and
cracks) compared with the wavelength.
The calculated reflectance and transmittance obtained by the four-flux model were
compared with the measured values for wavelength of 1.0 and 6.0 µm in Figure 5-7. The
excellent agreement between the calculated and measured values confirmed the effectiveness of
the absorption coefficient and scattering coefficient.
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(a)

(b)
Figure 5-6 Calculated (a) absorption coefficient and (b) scattering coefficient as a function of
wavelength for plasma sprayed 8YSZ coatings using four-flux model.
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(a)

(b)
Figure 5-7 Comparison of measured and calculated 8YSZ reflectance and transmittance as a
function of thickness at wavelength (a) λ=1 µm and (b) λ=6 µm.
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5.5 Thermal Radiation Properties of Gd2Zr2O7
The measured GZ coating physical properties are listed in Table 5-2. As it is shown in the
table, the porosities of the coatings are in the range from 13.7% to 15.2%.
Table 5-2 Main properties of freestanding GZ coatings.
Sample number

Thickness (µm)

Density (g/cm3)

Porosity (%)

1

110

5.930

15.2

2

155

5.942

15.0

3

195

5.978

14.5

4

280

6.035

13.7

5

439

5.976

14.5

Figure 5-8 are the smoothed reflectance, transmittance, and absorptance spectra of free
standing plasma sprayed GZ specimens with thicknesses ranging from 110 µm to 439 µm. The
reflectance minimum, transmittance minimum and absorptance peak at wavelength of ~3.0 µm
are due to the OH incorporated in the TBC surface, which are also observed in 8YSZ samples.
As it is shown in the figure, the reflectance of coatings is high and absorption is low at
wavelength <6 µm, indicating that the GZ is a high scattering, low absorption material at the
wavelength where turbine engine thermal radiation is most concentrated, which is beneficial for
the TBC application because most of the incident radiation will be reflected back to the hot gas
stream instead of being absorbed by the coating or penetrating the coating leading to the increase
of temperature on the superalloy. While at wavelength >10 µm, both the reflectance and
transmittance are low, and the absorptance is very high, indicating that the GZ is high absorbing
and opaque in this range.
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(a)

(b)
Figure 5-8 Smoothed (a) reflectance, (b) transmittance, and (c) absorptance spectra of plasma
sprayed GZ coatings with thickness of 110, 155,195, 280, 439 µm.
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(c)
Figure 5-8 (continued).
To calculate the absorption and scattering coefficient of GZ coating, refractive index
n=2.90 was used[128]. The extracted absorption and scattering coefficients of GZ from the
reflectance and transmittance spectra using four-flux model are presented in Figure 5-9. These
coefficients as a function of wavelength are similar to those of 8YSZ coatings, i.e. that the
absorption coefficient is extremely low at low wavelength until around 6 µm, from which it
starts to increase rapidly, and in the whole wavelength range, the scattering coefficient decreases
with the increase of wavelength, which is caused by the decrease of the relative size of the
scattering center compared with the wavelength. However, the scattering coefficient of GZ is
higher than that of YSZ, especially at low wavelength range, which will be discussed in the
following section.
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(a)

(b)
Figure 5-9 Calculated (a) absorption coefficient and (b) scattering coefficient as a function of
wavelength for plasma sprayed GZ coatings using four-flux model.
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The calculated reflectance and transmittance obtained by the four-flux model were
compared with the measured values for wavelength of 1.0 and 6.0 µm in Figure 5-10. The
excellent agreement between the calculated and measured values confirmed the effectiveness of
the absorption coefficient and scattering coefficient.

(a)

(b)
Figure 5-10 Comparison of measured and calculated GZ reflectance and transmittance as a
function of thickness at wavelength (a) λ=1 µm and (b) λ=6 µm.
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5.6 Comparation of Thermal Properties of 8YSZ and Gd2Zr2O7
8YSZ and GZ plasma sprayed coatings have similar thermal radiation properties, i.e. they
are high scattering, low absorption and semitransparent at the wavelength where turbine engine
thermal radiation is most concentrated; the reflectance and transmittance are low, and the
absorptance is very high at wavelength > 10 µm. However, the scattering coefficient of GZ is
higher than that of 8YSZ in the wavelength range of 0.8-5.1µm and the differences is becoming
more significant with the decrease of the wavelength, as shown in Figure 5-11. The more
dramatically change of GZ scattering coefficient with the wavelength is due to its larger
refractive index (n=2.90) than that of 8YSZ (n=2.10). The larger of the coating refractive index
compared to the surrounding media (in this case the air), the stronger scattering of radiation it
has.

Figure 5-11 Comparation of scattering coefficients of GZ and 8YSZ.
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To further illustrate the benefit of high scattering coefficient for TBCs application, figure
5-12 shows the calculated reflectance and transmittance as a function of wavelength for GZ and
8YSZ coatings with typical thickness of 250 µm in aircraft gas turbine engines and much thicker
coatings of 700 µm used for land-based power generation gas turbine engines. GZ shows higher
reflectance and lower transmittance than 8YSZ in the wavelength range < 2.7 µm, indicating that
GZ coatings can reflect more thermal radiation energy to the hot gas stream and permit less
radiation to penetrate the coating, which efficiently decreases the bond coat temperature and
prolongs the life span of the coatings.

(a)
Figure 5-12 Comparation of calculated reflectance and transmittance as a function of wavelength
for GZ and 8YSZ coatings with thickness of (a) 250 µm and (b) 700 µm.
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(b)
Figure 5-12 (continued).
5.7 Comparation of Different Models
To compare the four-flux, two-flux and Kubelka-Munk models, the reflectance and
transmittance spectra of 8YSZ were used. Figure 5-13 shows the absorption and scattering
coefficients of 8YSZ coatings as a function of wavelength calculated by four-flux, two-flux and
Kubelka-Munk models. Because of the extremely low value of the absorption coefficient at
wavelength < 6 µm, the absorption coefficients are plotted on a logarithmic scale in Figure
5-13(a). As it is shown in the figure, the Kubelka-Munk model shows large difference with the
other two models, especially for the scattering coefficients at lower wavelength range, which
indicates that the coating/air interface reflectivity is very important and cannot be neglected. The
absorption coefficients calculated by two flux-model agree very well with the four-flux model
predicted values at wavelength < ~6.0 µm, beyond which the absorption coefficients start to
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increase rapidly. In the whole wavelength range, the two-flux model underestimates the
scattering coefficients of the coating compared to the four-flux model.

(a)

(b)
Figure 5-13 Calculated absorption and scattering coefficients of 8YSZ coating using different
models.
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The predicted reflectance and transmittance as a function of coating thickness using
extracted absorption and scattering coefficients by different models are compared with each
other and with the measured reflectance and transmittance at wavelength 2 µm and 5 µm in
Figure 5-14. Compared with predictions at λ=5 µm, the deviation of calculated reflectance and
transmittance by these three models are much less at λ=2 µm. This is because the collimated flux
can transform into diffuse flux more quickly at shorter wavelength due to the higher scattering
coefficient than that at longer wavelength. Especially at wavelength of 2 µm, the two-flux model
agrees very well with the four-flux model when the coating thickness is larger than 200 µm
(Figure 5-14a). In the whole wavelength and coating thickness range, the four-flux model fits the
measured values best, while the Kubelka-Munk model is the worst although there is good
agreement between the predicted and measured reflectance for coating thickness larger than 200
µm at λ=2 µm.
The difference between the predicted values by four-flux model and the measured values
may be caused by:
(1) The small differences of radiative properties among the five specimens, which are
due to the differences of microstructure, such as the porosity, pores size distribution, etc.;
(2) The uneven thickness of thin samples, which is an inherent property of APS TBCs;
(3) Measurement errors produced in the test procedure. The large difference between the
two-flux model and the four-flux model for coating thickness less than 200 µm suggests that the
transformation of collimated flux into diffuse flux inside of the coating is related with the coating
thickness and wavelength.
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(a)

(b)
Figure 5-14 Comparison of measured and calculated 8YSZ reflectance and transmittance as a
function of thickness at wavelength (a) λ=2µm and (b) λ=5µm.
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To simplify the comparison of the two-flux model and the four-flux model, it is better to
eliminate the differences between the samples and errors produced in the test procedure. In order
to do this, the reflectance and transmittance spectra of coatings with thickness of 50, 75, 100, 150,
200, 300, and 400 µm were calculated by the four-flux model using absorption and scattering
coefficients extracted from the measured reflectance and transmittance by four-flux model. Then
for each coating with different thicknesses, use two-flux model to calculate the absorption and
scattering coefficients and followed by the calculation of the reflectance and transmittance.
Figure 5-15 shows the calculated reflectance and transmittance spectra using the fourflux and two-flux models. For coatings with thicknesses <200 µm, a transition point is observed,
beyond which the predictions of two-flux model is significantly deviated from the predicted
values of four-flux model. What’s more, the wavelength of transition point increases with the
increase of the thickness. When the coating thickness is ≥200 µm, the predicted reflectance and
transmittance values from the two-flux model are exactly the same as predictions from the fourflux model, showing that the two flux model has excellent agreement with the four-flux model
provided that the coating is thick enough (in this case, the thickness should be ≥200 µm).
The transition points in Figure 5-15 can be explained by the calculated scattering
coefficients which are presented in Figure 5-16. The corresponding absorption coefficients are
similar to that in Figure 5-13(a) and thus they are not shown here. In Figure 5-16 there is a cutoff
wavelength for each coating with thickness <200 µm, above which the scattering coefficient is
almost zero. The cutoff wavelengths are corresponding to the transition points in Figure 5-15.
Since the scattering coefficient has a unit of reciprocal length, the reciprocal of the scattering
coefficient can be considered as the photon average distance traveled before scattering occurs.
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(a)

(b)
Figure 5-15 Comparison of reflectance and transmittance as a function of wavelength calculated
by four-flux and two-flux model for 8YSZ coatings with thickness 50, 75, 100, 150, 200, 300,
400 µm.
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Figure 5-17 shows the average scattering distance of collimated beam as a function of
wavelength calculated by four-flux model. There is a linear relationship between the cutoff
wavelength and corresponding average scattering distance as shown in Figure 5-18. The ratio of
the thickness with the average scattering distance is ~2, which means that after two continuous
scattering events the collimated beam can be considered to transform into the diffuse beam,
which is consistent with the range of 1.1~3.5 obtained by Robert et al. for composite dental
materials[124].

Figure 5-16 Calculated scattering coefficients of 8YSZ coatings with different thicknesses by
two-flux model.
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Figure 5-17 Average scattering distance of collimated beam as a function of wavelength
calculated by four-flux model.

Figure 5-18 Linear relation between the average scattering distance and the coating thickness.
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5.8 Conclusions
The four-flux, two-flux and Kubelka-Munk models were deduced to determine the
absorption and scattering coefficients from the measured reflectance and transmittance spectra.
Freestanding plasma sprayed 8YSZ and GZ specimens with different thicknesses were prepared
and the room temperature normal-incidence directional-hemispherical reflectance and
transmittance spectra of these coatings were measured in the wavelength of 0.8-13.0 µm. The
absorption and scattering coefficients were successfully determined over the wavelength range
from 0.8 to 7.4 µm by fitting the reflectance and transmittance values calculated by the modified
four-flux model to the experimentally measured values. Results showed that for both of 8YSZ
and GZ coatings, the absorption coefficient is very low for wavelength <6 µm in which range the
gas turbine engine thermal radiation is most concentrated, and the scattering coefficient
decreases with the increase of wavelength due to the decrease of the relative sizes of the internal
scattering pores and cracks compared with the wavelength. However, the scattering coefficient of
GZ is higher than that of 8YSZ in the wavelength range of 0.8-5.1µm. Therefore, GZ coatings
can reflect more thermal radiation energy to the hot gas stream and permit less radiation to
penetrate the coating, which efficiently decreases the bond coat temperature and prolongs the life
span of the coatings.
Comparison of the four-flux, two-flux and Kubelka-Munk models indicated that the
absorption and scattering coefficients obtained from Kubelka-Munk model are obviously
deviated from values calculated by four-flux and two-flux models, especially for the scattering
coefficients at low wavelength range, and the calculated reflectance and transmittance from
Kubelka-Munk model cannot fit the measured values very well, which suggests that the interface
reflectivity cannot be neglected, in another word, the index of refraction is an important
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parameter to characterize the radiative property of the coating. The reciprocal of the scattering
coefficient can be considered as the photon average distance traveled before scattering occurs.
When the coating thickness is larger than around two times of the average scattering distance, the
collimated flux can be regarded to transform into the diffuse flux inside of the coating and the
two-flux model can be used to determine the absorption and scattering coefficients as a
simplification of the four-flux model. The excellent agreement of predicted reflectance and
transmittance spectra by two-flux and four-flux models for coating thickness larger than 200 µm
confirms a good accuracy of the two-flux model.
The obtained absorption and scattering coefficients, along with the index of refraction,
can be used to predict the heat transfer and temperature profiles in TBC systems. Also these
parameters can be used to calculate the reflectance and/or transmittance of any given thickness
freestanding TBC and TBC on a substrate of any given reflectivity. The latter one can be used as
nondestructive testing method to monitor the subsurface delamination progression in TBCs.
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CHAPTER 6 SUGGESTIONS FOR FUTURE WORK
The fabricated thermal cycling test rig is unique for TBCs test since lots of parameters
can be changed to generate different test conditions. What’s more, the sinter-crush process has
been established to prepare the plasma sprayable powders in the lab, and the coatings was
successfully prepared by adjusting the plasma spray parameters, which makes it possible to
prepare APS TBCs with other new materials.
Combined with the above two advantages in the lab, following work are suggested to do:
(1) the thermal cycling frequency, high temperature duration, and thermal gradient effects
on the TGO growth and cracking behaviors of APS TBCs made of new materials, such as
La2Ce2O7, Ba(Mg1/3Ta2/3)O3, La(Al1/4Mg1/2Ta1/4)O3, LaMgAl11O19, and LaTi2Al9O19.
With the established four-flux and two-flux model, following work are suggested for the
future:
(1) Study of the porosity and pores size effects on thermal radiation properties of new
TBC materials;
(2) Exploration of the scattering and absorption coefficients and refractive index of new
TBC materials.
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APPENDIX
1.

Figure A-1 Wire diagram of actuator
2.

Figure A-2 Wire diagram of PLC
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3.

Figure A-3 PLC program of thermal cycling test
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